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ABSTRACT 
MICHAEL EDWARD FOULKES 
PLASMA SPECTROCHEMICAL ANALYSIS OF SLURRIES 
The a n a l y s i s o f ores, minerals and r e f r a c t o r y m a t e r i a l s by s l u r r y 
a t o m i s a t i o n has been i n v e s t i g a t e d using i n d u c t i v e l y coupled plasma and 
d i r e c t c u r r e n t plasma-atomic emission spectrometry (ICP-AES, DCP-AES) 
and i n d u c t i v e l y coupled plasma-mass spectrometry (ICP-MS). Aqueous 
c a l i b r a n t s were used. Fundamental aspects were modelled. 
The p a r t i c l e s i z e and d i s p e r s i o n o f samples are the most impo r t a n t 
c r i t e r i a i n s l u r r y n e b u l i s a t i o n . The p a r t i c l e s i z e should be below 
5 iim, p r e f e r a b l y , below 3 \im f o r r e f r a c t o r i e s . Comminution techniques 
were used t o reduce samples t o t h i s s i z e range; t h e comminution time 
depended upon sample hardness. S u i t a b l e d i s p e r a n t s were i d e n t i f i e d . 
A 
Laser d i f f r a c t i o n measurements showed the m o d i f i c a t i o n of aerosol 
d i s t r i b u t i o n s , f o r s o l u t i o n s and s l u r r i e s , by the spray chamber and 
i n j e c t o r . Few aerosol p a r t i c l e s over 18 iim, and s o l i d p a r t i c l e s over 
6 t o 8 \Lm, s i z e reached the ICP. Fine s l u r r i e s (<6 \im s o l i d s i z e ) 
produced aerosols which modelled those from s o l u t i o n s i n s i z e and mass 
t r a n s p o r t e f f i c i e n c y . Representative s o l i d t r a n s p o r t of s t a r t i n g 
s l u r r i e s was p a r t i c l e s i z e dependent. 
Ana l y s i s o f f i n e l y powdered (<6 nm) ores, m i n e r a l s and r e f r a c t o r i e s by 
the s l u r r y technique showed good agreement w i t h c e r t i f i c a t e and known 
values. U l t r a f i n e s l u r r i e s (<2.5 ^im) y i e l d e d f u l l r e c o v e r i e s . Reduced 
re c o v e r i e s were found t o be due t o segregation o f l a r g e p a r t i c l e s and 
po s s i b l y a t o m i s a t i o n e f f e c t s . There were suggestions of reduced 
a t o m i s a t i o n e f f i c i e n c y (60-70%) f o r r e f r a c t o r y p a r t i c l e s (>5 \im). 
Enhancements from e a s i l y i o n i s a b l e elements were al s o observed. 
R o t a t i o n a l temperature measurements showed e q u i v a l e n t values f o r 
s o l u t i o n s and s l u r r i e s (up t o 1 % m/v loadi n g ) i n the ICP. The 
temperature range covered (2000-3600 K) was dependent upon the plasma 
c o n d i t i o n s and t o r c h used; t a n g e n t i a l f l o w (TFT) or laminar f l o w (LFT). 
A G r e e n f i e l d s i z e LFT o f f e r e d the advantage o f reduced gas consumption 
compared w i t h the TFT. 
Se m i - q u a n t i t a t i v e s l u r r y a t o m i s a t i o n ICP-MS produced r a p i d elemental 
values, g e n e r a l l y w i t h i n a f a c t o r o^ 3, o f c e r t i f i e d values. Grinding 
contamination was als o measured on a semi- q u a n t i t a t i v e b a s i s . 
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si n g l e pass c o n i c a l spray chamber (c) a t 
0.75 (a, c) and 1.5 (b) 1 min'-*- c a r r i e r gas 
flow r a t e using 0.1% m/V SHMP s o l u t i o n . 
FIGURE 3.20 % volume s i z e d i s t r i b u t i o n s of aerosols. 
measured from a s i n g l e pass c o n i c a l spray 
chamber w i t h 2mm i n j e c t o r a t a c a r r i e r gas 
flow r a t e of 1,5 ( a ) , 1.1 ( b ) , 0.75 (c) and 
0.5 (d) 1 min"-^ using 0.1% m/V SHMP 
s o l u t i o n . 
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FIGURE 3.21 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from s i n g l e pass c o n i c a l spray 
chamber w i t h 2mm i n j e c t o r a t a c a r r i e r gas 
flow r a t e of 1.5.(a, b) and 0.75 (c, d) 
1 min"-*- using 0.1% m/V SHMP s o l u t i o n ( a , c) 
and 1% m/V s l u r r y ( b, d ) . 
FIGURE 3.22 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from s i n g l e pass spray chamber 
w i t h 3mm i n j e c t o r a t a c a r r i e r gas f l o w 
r a t e of 1.5 ( a ) , 1.1 ( b ) , 0.75 (c)-and 0.5 
(d) 1 min"-^ using 0.1% m/V SHMP s o l u t i o n . 
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FIGURE 3.23 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from s i n g l e pass c o n i c a l spray 
chamber w i t h 3mm i n j e c t o r a t a c a r r i e r gas 
flow r a t e of 1.5 (a, b) and 0.75 ( c , d) 
1 mln-1 using 0.1% m/V SHl'P s o l u t i o n (a, c) 
and 1% m/V s l u r r y (b, d ) . 
FIGURE 3.24 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a s i n g l e pass c o n i c a l spray 
chamber alone ( a ) , w i t h 2mm i n j e c t o r (b) 
and 3mm i n j e c t o r (c) a t a c a r r i e r gas flow 
r a t e of 0.75 1 min"^ using 0.1% m/V SHMP 







% volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a high s o l i d s n e b u l i s e r (a, 
b) and the inner pass from a double pass 
spray chamber ( c , d) a t a c a r r i e r gas flow 
r a t e of 0.75 (a, c) and 1.5 (b, d) 1 min"-*-
using 0.1% SHMP s o l u t i o n . 
% volume s i z e d i s t r i b u t i o n s of aerosols 
measured from the inner pass of a double 
pass spray chamber (a, b) and from a double 
pass spray chamber ( c , d) a t a c a r r i e r gas 
flow r a t e of 0.75 (a, c) and 1.5 (b, d) 
1 min"-^ using 0.1% m/V SHMP s o l u t i o n . 
% volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
a t a c a r r i e r gas f l o w r a t e o f 0.75 (a, b) 
and 1.5 (c, d) 1 min"-^ using 0.1% m/V SHMP 
s o l u t i o n (a, c) and 1% m/V s l u r r y ( b , d ) . 
% volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
w i t h 2mm i n j e c t o r a t a c a r r i e r gas f l o w 
r a t e of 1.5 ( a ) , 1.1 ( b ) , 0.75 ( c ) and 0.5 





FIGURE 3.29 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
(a, c) and double pass spray chamber w i t h 
2mm i n j e c t o r ( b, d) a t a c a r r i e r gas flow 
r a t e of 0.75 (a, b) and 1.5 (c, d) 1 min"^ 
using 0.1% m/V SHMP s o l u t i o n . 
FIGURE 3.30 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
w i t h 2mm i n j e c t o r a t a c a r r i e r gas flow 
r a t e of 1.5 (a, b) and 0.75 (c, d) ! min'^ 
using 0.1% m/V SHMP s o l u t i o n ( a, c) and 1% 
m/V s l u r r y ( b, d ) . 
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FIGURE 3.31 % volume s i z e d i s t r i b u t i o n s of aerosols 
.- measured from double pass spray chamber 
w i t h 3mm i n j e c t o r a t a c a r r i e r gas flow 
r a t e of 1.5 ( a ) , 1.1 ( b ) , 0.75 (c) and 0.5 
(d) 1 min'-^ using 0.1% m/V SHMP s o l u t i o n . 
FIGURE 3.32 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
w i t h 3mm i n j e c t o r a t a c a r r i e r gas flow 
r a t e of 1.5 (a, b) and 0.75 (c, d) 1 min"^ 
using 0.1% m/V SHMP s o l u t i o n (a, c) and 1% 
m/V s l u r r y ( b, d ) . 
FIGURE 3.33 % volume s i z e d i s t r i b u t i o n s of aerosols 
measured from a double pass spray chamber 
w i t h 3mm i n j e c t o r ( a, b) and from a double 
pass spray chamber alone ( c , d) a t a 
c a r r i e r gas flow r a t e of 1.5 (a; c) and 
0.75 (b, d) 1 min"^ using 0.1% m/V SHMP 
s o l u t i o n . 
FIGURE 3.3^ % volume s i z e d i s t r i b u t i o n s of organic 
l i q u i d aerosols measured from a double pass 
spray chamber w i t h 2mm i n j e c t o r a t a gas 
flow r a t e of 0.8 1 min"^. (a) white s p i r i t , 
(b) white s p i r i t - x y l e n e mixture ( 1 : 1 ) , 
(c) white s p i r i t - x y l e n e mixture containing 
lOOpg ml"-*- o f s u r f a c t a n t , (d) 1/250 





FIGURE 3.35 % volume s i z e d i s t r i b u t i o n s of organic 
aerosols (a) white s p i r i t , (b) white 
s p i r i t - x y l e n e mixture ( 1 : 1 ) , and aqueous 
aerosols ( c , d) 0.1% m/V SHMP s o l u t i o n , 
measured from a double pass spray chamber 
w i t h 2mm i n j e c t o r a t a gas flow r a t e of 
0.8 1 min'l (a, b, c) and a 3mm i n j e c t o r a t 
1,5 1 min"-*- ( d ) . Aerosol (d) measured a t 
edge of stream from i n j e c t o r . 
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FIGURE 3.36 Diagram of the Andersen stack sampler and 
double pass spray chamber arrangement used 
f o r the cascade impactor experiments. 
FIGURE 3.37 By volume p a r t i c l e s i z e d i s t r i b u t i o n o f the 
s t a r t i n g ore s l u r r y , 5% m/V SA1/C120, used 
i n Cascade impactor study ( i ) . 
FIGURE 3.38 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
ore f r a c t i o n s c o l l e c t e d by Cascade impactor 
( s t u d y ( i ) ) from aerosol e x i t i n g a double 
pass spray chamber w i t h 3mm i n j e c t o r a t 








FIGURE 3 AO 
By weight aerosol siz e d i s t r i b u t i o n of 
5% m/V ore s l u r r y , SA1/C120, c o l l e c t e d by 
Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm 
i n j e c t o r a t 1.6 1 min"-'^  gas flow r a t e . 
By weight aerosol siz e d i s t r i b u t i o n of 
5% m/V ore s l u r r y 5A1/C120, c o l l e c t e d by 
Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm 
i n j e c t o r a t 0.85 1 min"^ gas flow r a t e . 
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FIGURE 3.41 By weight aerosol siz e d i s t r i b u t i o n of 
2.5% m/V ore s l u r r y SA1/C120, c o l l e c t e d by 
Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm 
i n j e c t o r a t 1.6 1 min*^ gas flow r a t e . 
FIGURE 3A2 By weight aerosol s i z e d i s t r i b u t i o n of 
2.5% m/V ore s l u r r y SA1/C120, c o l l e c t e d by 
Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm 
i j e c t o r a t 0.85 1 min'-*- gas flow r a t e . inj< 
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FIGURE 3.43 By volume p a r t i c l e s i z e d i s t r i b u t i o n of the 
s t a r t i n g ore s l u r r y , 2.5% m/V SA1/C120, 
used i n Cascade impactor study ( i i ) . 
FIGURE 3.44 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
ore f r a c t i o n s c o l l e c t e d by Cascade impactor 
(study ( i i ) ) from aerosol e x i t i n g a double 
pass spray chamber w i t h 3mm i n j e c t o r a t 
0.75 1 min" gas flow r a t e . 
FIGURE 3.45 By weight aerosol s i z e d i s t r i b u t i o n s of 
(a) 2.5% m/V ore s l u r r y SA1/C120, c o l l e c t e d 
by Cascade impactor (study ( i i ) ) and (b) 
1% m/V sodium c h l o r i d e s o l u t i o n from 
aerosol e x i t i n g a double pass spray chamber 
w i t h 3mm i n j e c t o r a t 0.75 1 min" gas flow 




FIGURE 3.46 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 5% 
ore s l u r r y , 3 + L4, acquired by the b o t t l e 
c o l l e c t i o n method from aerosols e x i t i n g a 
double pass spray chamber w i t h 1.1mm 
i n j e c t o r a t gas flow r a t e s (b) 0.66, 
(c) 1.73, (d) 3.4 1 min'^ together w i t h 
s t a r t i n g s l u r r y d i s t r i b u t i o n ( a ) . 
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FIGURE 3.47 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
5% m/V ore s l u r r y , 3 + L4, acquired by the 
b o t t l e c o l l e c t i o n method, from aerosols 
e x i t i n g a double pass spray chamber w i t h 
2.2 mm i n j e c t o r a t gas flow r a t e s (b) 1.73, 
(c) 3.4 1 min" together w i t h s t a r t i n g 
s l u r r y d i s t r i b u t i o n ( a ) . 
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FIGURE 3.^S By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
.. 5% m/V ore s l u r r y , 3 + L^f, acquired by the 
b o t t l e c o l l e c t i o n method, from aerosols 
e x i t i n g a double pass spray chamber w i t h 
3.2mm i n j e c t o r a t gas flow r a t e s (b) 0.66, 
(c) 1.73, (d) 3.4 1 min*^ together w i t h 
s t a r t i n g s l u r r y d i s t r i b u t i o n ( a ) . 
FIGURE 3A9 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
5% m/V ore s l u r r y , 3 + L4, acquired by the 
b o t t l e c o l l e c t i o n method, from aerosols 
e x i t i n g a double pass spray chamber w i t h 
3.6mm i n j e c t o r a t gas flow r a t e s of (b) 
0.66, (c) 1.73, (d) 3.4 1 min"^ together 





FIGURE 4.1 Schematic diagram of Kontron S-35 ICP-AES 
ins t r u m e n t a t i o n , 
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FIGURE 4.2 Diagram of Greenfield-type i n d u c t i v e l y 
coupled plasma t o r c h . 
FIGURE 4.3 C a l i b r a t i o n p l o t s f o r z i n c , copper and lead 
(a, b, c) showing the d e v i a t i o n from 
l i n e a r i t y of the bottom standard s o l u t i o n 
emission (no i r o n present) compared w i t h 
the two-top standards ( i r o n p r e s e n t ) . P l o t 
(d) shows lead top standard emission 
without i r o n present. 
FIGURE 4.4 Graph showing the matrix e f f e c t of i r o n and 
su r f a c t a n t (SHMP) co n c e n t r a t i o n upon the 
net emission i n t e n s i t y o f scandium (a) and 
lead (b) a t 1150W and 1800W forward power. 
Concentrations i n pg ml*^. 
FIGURE 4.5 By volume p a r t i c l e s i z e d i s t r i b u t i o n of 
s l u r r y ore, SA1/C120. 
FIGURE 4.6 By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 
(a) s t a r t i n g ore s l u r r y , SA1/C120, and (b) 
the s o l i d f r a c t i o n c o l l e c t e d by Cascade 
impactor a f t e r passing through-a double 
pass spray chamber w i t h 3mm i n j e c t o r a t gas 






FIGURE 4.7 Graph showing the c o r r e l a t i o n between the 
elemental heat o f atomisation and the 
percentage recovery (E) obtained from the 
ana l y s i s of the CANMET ores KCla and MPla, 
FIGURE 4.8 Viewing height emission p r o f i l e s f o r 
equivalent concentrations of elements i n 
s o l u t i o n and s l u r r y (KCla) under plasma 
c o n d i t i o n s which produce a cross over 
(a) s i l v e r , (b) copper. 
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FIGURE 4.9 
FIGURE 4.10 
Viewing height emission p r o f i l e s from i r o n 
i n BCS 368 Dolomite s l u r r y using the i r o n 
ion l i n e 259.94nm and i r o n atom l i n e 
371.993nm a*" — ^ i 
and high ga 
t low gas flow r a t e (1.3 1
las f l o w r a t e (2.3 1 min"-*-). 
mm 
By volume p a r t i c l e s i z e d i s t r i b u t i o n of 
ground alumina s l u r r y before and a f t e r 
t r a n s p o r t a t i o n through a double pass spray 
chamber w i t h 3mm i n j e c t o r a t a gas flow 





FIGURE 4.11 By weight p a r t i c l e s i z e d i s t r i b u t i o n of 
aerosol e x i t i n g a double pass spray chamber 
and t h e o r e t i c a l maximum alumina p a r t i c l e 
s i z e produced by decomposition o f 500fjg ml" 
aluminium n i t r a t e aerosol of the same 
d i s t r i b u t i o n . 
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FIGURE 4.12 Wavelength emission scan across the 484.2nm 
AlO emission band head obtained from 
a s p i r a t i n g a 1 % m/V aluminium s o l u t i o n i n t o 
the plasma and viewed a t 40mm above load 
c o i l -
FIGURE 4.13 Graph showing the net i n t e n s i t y of the AlO 
emission band head, from a 2% m/V u l t r a f i n e 
alumina s l u r r y and a s o l u t i o n of equivalent 
aluminium c o n c e n t r a t i o n , against viewing 
height i n plasma. 
FIGURE 4.14 Graph showing the net i n t e n s i t y of the AlO 
emission band head 484.2nm, from a 2% m/V 
coarse alumina s l u r r y and a s o l u t i o n of 
equivalent aluminium c o n c e n t r a t i o n , against 
viewing height i n plasma. 
FIGURE 4.15 Viewing height emission p r o f i l e s of the 
aluminium atom l i n e , 396.152nm, from (a) an 
u l t r a f i n e alumina s l u r r y and s o l u t i o n and 
(b) a coarse alumina s l u r r y and s o l u t i o n of 
equivalent aluminium content. 
FIGURE 4.16 Viewing height emission p r o f i l e s of the 
aluminium atom l i n e , 308.215nm, from a 
ground alumina s l u r r y and from a s o l u t i o n 
of e q u i v a l e n t aluminium content a t gas flow 







FIGURE 4.17 Viewing height emission p r o f i l e s of the 
aluminium atom l i n e , 396.152nm, from a 
ground alumina s l u r r y and from a s o l u t i o n 
of e q u i v a l e n t aluminium content produced a t 
high gas flow r a t e s w i t h increase i n 
forward power. 
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FIGURE 5.1 Spectral scan of the (0-0) band emission 
from OH showing Q and R branches. 
FIGURE 5.2 P l o t of branch l i n e emission i n t e n s i t i e s 
against energy l e v e l from the OH (0-0) band 
measured a t 2.3 1 min"-^ i n j e c t o r gas flow 
r a t e and 19mm viewing height from a 1500W 
plasma. 
FIGURE 5.3 P l o t of Q-^ branch l i n e emission i n t e n s i t i e s 
against energy l e v e l from the OH (0-0) band 
measured a t lA 1 min" i n j e c t o r gas flow 
r a t e and 19mm viewing height from a 1500W 
plasma. 
FIGURE 5.4 Graph showing the change i n r o t a t i o n a l 
temperature, K, w i t h i n j e c t o r gas flow r a t e 
f o r a constant viewing height of 19mm i n a 
1500W plasma. 
FIGURE 5.5 Graph showing the change i n r o t a t i o n a l 
temperature, K, w i t h viewing height f o r a 
constant i n j e c t o r gas flow r a t e 1.4 1 min"^ 
i n a 1500W plasma. 
FIGURE 5.6 P l o t of R2 branch l i n e emission i n t e n s i t i e s 
against energy l e v e l from the OH (0-0) band 
measured a t 1.4 1 min" i n j e c t o r gas flow 
r a t e and 30mm viewing height from a 1500W 
plasma. 
FIGURE 5.7 P l o t of branch l i n e emission i n t e n s i t i e s 
against energy l e v e l from the OH (0-0) band 
measured a t 1.4 1 min"-*- i n j e c t o r gas flow 
r a t e and 30mm viewing height w h i l e 
a s p i r a t i n g a 500pg ml"-*- boron s o l u t i o n and 
s l u r r i e s c o n t a i n i n g 0.1 and 1% m/V 








FIGURE 6.1 Diagram of brass body G r e e n f i e l d - s i z e 
laminar flow t o r c h . 
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FIGURE 6.2 Diagram of PTFE/Glass f i b r e body 
Gre e n f i e l d - s i z e laminar flow t o r c h . 
284 
FIGURE 6.3 P l o t of Qj^ branch l i n e emission i n t e n s i t i e s 
against energy l e v e l from the OH (0-0) band 
measured a t 1.7 1 min"^ i n j e c t o r gas flow 
r a t e and 19mm viewing height from a 1500W 
laminar flow plasma. 
FIGURE 6.4 Graph showing the change i n r o t a t i o n a l 
temperature, K, w i t h i n j e c t o r gas flow r a t e 
f o r a constant viewing height of 19mm i n a 
1500W laminar flow plasma. 
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FIGURE 6.5 Graph showing the change i n r o t a t i o n a l 
.. temperature, K, w i t h viewing height f o r 
a constant i n j e c t o r gas flow r a t e of 




FIGURE 7.1 Schematic diagram of i n d u c t i v e l y coupled 
plasma mass spectrometer i n s t r u m e n t a t i o n 
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FIGURE 7.2 Diagram i l l u s t r a t i n g the plasma sampling 
i n t e r f a c e . 
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and 3mm i n j e c t o r s . 
TABLE 3.3 Table of experiments used i n the 
measurement o f aerosols from various 
sample i n t r o d u c t i o n systems ( I I ) Double 
pass spray chamber (DPSC), 2 and 3mm 
i n j e c t o r s . 
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from various sample i n t r o d u c t i o n systems 
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i n j e c t o r . 
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spray chamber (OPSC) 
TABLE 3.8 % volume and v e l o c i t y data f o r aerosols 
measured from inner and outer passes of 
double pass spray chamber (OPSC). 
TABLE 3.9 Population count data f o r organic l i q u i d 
aerosols measured from 2mm i n j e c t o r / d o u b l e 
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TABLE 3.10 % volume and v e l o c i t y data f o r organic 
l i q u i d aerosols measured from 2mm 
i n j e c t o r / d o u b l e pass spray chamber (DPSC). 
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nebuli s e r and the s i n g l e pass spray 
chamber (SPSC) w i t h and wit h o u t 2 and 3mm 
bore i n j e c t o r s a t a gas flow r a t e o f 







Volume data measured from aerosols a t the 
ne b u l i s e r , inner pass e x i t , DPSC e x i t and 
top o f the 2 and 3mm bore i n j e c t o r s a t gas 
flo w r a t e s o f 0.75 and 1.5 1 min-1 
S e t t l i n g diameters dy^ and d^ Q^ c a l c u l a t e d 
f o r the outer pass a t fou r f l o w r a t e s . 
Mass t r a n s p o r t e f f i c i e n c i e s (MTE) 
c a l c u l a t e d from cascade impactor s t u d i e s . 
Table of cross-referenced f i g u r e s t o the 






TABLE 4.1 Plasma c o n d i t i o n s used f o r the determin-
a t i o n of i r o n , copper, zinc and s i l v e r i n 
sulphide ore f u s i o n s o l u t i o n s of 3+L4 and 
SA1/C120 using the ARL 35000 ICP 
spectrometer. 
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sulphide ore s l u r r i e s 3+L4 and SA1/C120 
using the Kontron S-35 ICP spectrometer. 
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s i l v e r i n the minerals 3+L4 and SA1/C120 
(designated 3 and S ) a f t e r a f u s i o n / 
d i s s o l u t i o n stage had been performed. 
Instrument used ARL 35000 ICP. 
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zirconium c r u c i b l e s . 
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using the Plasmakon S-35 ICP. 
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TABLE 4,6 The determination of s i l v e r i n the ores 
• 3+L4 and SA1/C120 by s l u r r y a t o misation 
ICP-AES. S l u r r i e s prepared by g r i n d i n g 
w i t h z i r c o n i a beads over 2 hour p e r i o d . 
Wavelength monitored 328.068 nm. 
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sample SA1/C120. 
TABLE 4.11 The determination of copper, z i n c , i r o n , 
l e ad, zirconium and s i l v e r i n the ore 
SA1/C120 by s l u r r y atomisation using the 







Results from the determination of elements 
of known conc e n t r a t i o n i n s o l u t i o n 
c o n t a i n i n g sodium hexametaphosphate (SHMP) 
b u f f e r . 
A comparison o f the i r o n , z i n c , copper and 
lead contents of the ore SA1/C120 as 
received and c o l l e c t e d a f t e r t r a n s p o r t a t i o n 
through a Scott-type double pass spray 
chamber and 3qim i n j e c t o r a t a gas f l o w r a t e 
of 1.5 1 min"-^. 
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TABLE 4.14 The recovery o f i r o n from a f i n e s l u r r y of 
the ore SA1/C120 w i t h v a r i a t i o n i n c a r r i e r 
gas flow r a t e , viewing height and i n j e c t o r 
bore. Analysis performed using the Kontron 
S-35 ICP a t 1500 W 
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Operating c o n d i t i o n s used on the Kontron S-
35 ICP f o r the a n a l y s i s o f CRM ores KCla 
and MPla by the s l u r r y technique. 
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TABLE 4.20 New plasma operating c o n d i t i o n s used f o r 
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TABLE 4.26 Plasma running c o n d i t i o n s used on the 
Plasmakon S-35 ICP f o r the determination of 
aluminium i n coarse, medium and f i n e 
alumina s l u r r i e s and f u s i o n s o l u t i o n s . 
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and f i n e alumina s l u r r i e s . 
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TABLE 4.28 Plasma running c o n d i t i o n s used on the 
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TABLE 4.30 The e f f e c t of plasma running c o n d i t i o n s 
• upon the recovery of zirconium from 'Sample 
1' o f z i r c o n i a powder by s l u r r y atomisation 
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5-35 ICP f o r the determination of Cr and Mg 
recoveries i n Cr203 and MgO s l u r r i e s 




TABLE 5.8 Recoveries f o r Cr and Mg from 0.1% m/v 
s l u r r i e s of Cr203 and MgO. 
280 
TABLE 6.1 Gas flow r a t e s f o r the laminar flow t o r c h 
a n n u l i based on a Reynolds number 2000. 
TABLE 6.2 Gas flow r a t e s f o r a x i a l holes of laminar 




TABLE 6.3 Conditions used f o r the measurement of the 
OH (0-0) band spectra w i t h the PTFE/GF-base 
extended laminar f l o w t o r c h (LFT) on the 
Kontron S-35 ICP. 
291 
TABLE 6.4 Operating c o n d i t i o n s f o r s t a b l e laminar 
f l o w plasma w i t h i n j e c t o r f l o w using the 
brass laminar f l o w t o r c h . 
293 
TABLE 6.5 Operating c o n d i t i o n s f o r the best s i g n a l t o 
noise r a t i o obtained from 100 jig ml" i r o n 
s o l u t i o n (Fe I I 259,939 nm) using the 
brass-base laminar f l o w t o r c h together w i t h 
the c o n d i t i o n s necessary t o produce an 
equivalent s i g n a l t o noise r a t i o using the 
t u r b u l e n t flow t o r c h . 
294 
x x i i -
TABLE 6.6 Low laminar f l o w , low power operating 
' c o n d i t i o n s f o r comparable s i g n a l t o noise 
r a t i o from 100 \Lg ml"-*- Fe s o l u t i o n 





TABLE 6.7 Operating c o n d i t i o n s f o r the brass-base LFT 
optimised on s i g n a l t o background r a t i o 
using simplex program. 
TABLE 6.8 Conditions found f o r maximum s i g n a l t o 
background r a t i o from a simplex program 
(5 parameters) f o r the Fe I I 259.939 nm 
l i n e from a 0.1% m/v s l u r r y of SA1/C120 
using the PTFE/GF-base laminar flow torch 
on the Kontron S-35 ICP. 
297 
299 
TABLE 6.9 Conditions found f o r maximum s i g n a l t o 
background r a t i o from a simplex program (3 
parameters) f o r the F e l l 259.939 nm l i n e 
from a 0.1% m/v s l u r r y of SA1/C120 using 
the PTFE/GF-base laminar flow t o r c h on the 
Kontron S-35 ICP. 
300 
TABLE 6.10 The change i n r o t a t i o n a l temperature (T^.^^) 
w i t h c a r r i e r gas flow r a t e a t a constant 
viewing height (19 mm) using the PTFE/GF-
base laminar f l o w t o r c h c a l c u l a t e d from the 
OH(O-O) band spectrum, Qj^  s e r i e s . 
TABLE 6.11 The change i n r o t a t i o n a l temperature (T^.^^^) 
w i t h viewing height a t a constant c a r r i e r 
gas f l o w r a t e (1.4 1 min'^) using the 
PTFE/GF-base laminar flow t o r c h c a l c u l a t e d 
from the OH(O-O) band spectrum, s e r i e s . 
TABLE 7.1 Instrumental d e t a i l s f o r the VG Elemental 
Plasmaquad ICP-MS plasma system. 
TABLE 7.2 Instrument running c o n d i t i o n s f o r the VG 
Plasmaquad ICP-MS. 
TABLE 7.3 % volume p a r t i c l e s i z e d i s t r i b u t i o n s f o r 
the CRM coals (SARM 18, 20; NBS 1632b), f l y 
ash (NBS 1633a) and s o i l s (SO-1 and SO-2) 
determined using the Coulter Counter T A I L 
TABLE 7.4 Results f o r r a p i d s e m i - q u a n t i t a t i v e (S-Q) 








TABLE 7.5 Results f o r r a p i d s e m i - q u a n t i t a t i v e (S-Q) 
an a l y s i s of three CRM s o i l s using s l u r r y 
a tomisation. 
323 
X X 1 1 1 -
Page 
No. 
TABLE 7.6 Semi-quantitative a n a l y s i s of blank 
• elements i n 100 ml of s o l u t i o n a f t e r 
z i r c o n i a g r i n d i n g . 
TABLE 7.7 A comparison of the lanthanide group 
elemental concentrations (tig g"^) i n the 
s o i l s SO-1 and SO-2 determined by semi-
q u a n t i t a t i v e s l u r r y atomisation ICP-MS and 
by a q u a n t i t a t i v e d i s s o l u t i o n technique. 
325 
327 




1.1.1. The Analysis of Refr a c t o r y M a t e r i a l s and Minerals. 
Refractory m a t e r i a l s and minerals serve as the source f o r many products 
i n i n d u s t r y and f o r research ( 1 ) . The q u a l i t y of such products has to 
be s t r i c t l y c o n t r o l l e d , thus the a n a l y s i s o f r e f r a c t o r i e s i s o f consid-
erable importance. I n t e r e s t i n these m a t e r i a l s has grown over the past 
30 years which has r e s u l t e d i n an increased demand f o r r a p i d elemental 
c h a r a c t e r i s a t i o n . However the e l u c i d a t i o n of mineral and r e f r a c t o r y 
composition i s not an easy task, given p h y s i c a l and chemical v a r i -
a t i o n s , and no s i n g l e a n a l y s i s route w i l l completely c h a r a c t e r i s e these 
m a t e r i a l s . When the major i n t e r e s t i n a m a t e r i a l i s the q u a n t i f i c a t i o n 
of metal c o n s t i t u e n t s the task i s s i m p l i f i e d and many ins t r u m e n t a l 
techniques are a v a i l a b l e t o the chemist t o accomplish the a n a l y s i s . 
Given the d i v e r s i t y o f r e f r a c t o r y and mineral types i t would be a 
d i s t i n c t advantage t o be able t o determine the major, minor and t r a c e 
elemental components i n a s i n g l e p r e p a r a t i v e step and t o t h i s end the 
anal y s t i s r e s t r i c t e d t o a narrower range of techniques. 
1.1.2. Sample Preparation 
For many techniques the determination of the elemental c o n s t i t u e n t s i n 
minerals and r e f r a c t o r i e s i n v o l v e s a s o l u b i l i s a t i o n stage. M a t e r i a l s 
of t h i s type are ge n e r a l l y r e s i s t a n t t o simple acid a t t a c k , not only 
because o f t h e i r chemical behaviour but also due t o c r y s t a l hardening; 
a r e s u l t of t h e i r age and the pressure and thermal h i s t o r i e s i n v o l v e d 
i n t h e i r f o r m a t i o n . M a t e r i a l s which contain s i l i c a and/or s i l i c e o u s -
based compounds o f t e n r e q u i r e hazardous a c i d mixtures, i n c l u d i n g hydro-
f l u o r i c a c i d , t o b r i n g about d i s s o l u t i o n . However, the presence of 
other species, not soluble i n h y d r o f l u o r i c a c i d , i s o f t e n a problem. 
Also a component necessary t o the d i s s o l u t i o n stage may not be 
compatible w i t h the favoured a n a l y t i c a l technique. Hence extreme or 
e x o t i c measures are f r e q u e n t l y r e q u i r e d to overcome t h i s r e s i s t a n c e or 
c o m p a t i b i l i t y . The use o f an a l k a l i f u s i o n technique, e.g. sodium 
peroxide, where the sample i s f i r e d a t 600-700^C fo l l o w e d by a c i d i -
f i c a t i o n , i s one route o f t e n employed i n mineral and r e f r a c t o r y 
d i s s o l u t i o n . Such a technique r e s u l t s i n high s a l t content i n the 
f i n a l s o l u t i o n together w i t h the p o s s i b i l i t y of i n t r o d u c i n g con-
taminants, A d i s s o l u t i o n procedure always includes d i l u t i o n of the 
sample thereby degrading the d e t e c t i o n l i m i t f o r any trace elements 
under review. This i s a d e l e t e r i o u s step when considering the a n a l y s i s 
o f , f o r example, the noble or platinum group metals a t low l e v e l s i n a 
sample. D i r e c t a n a l y s i s of the s o l i d sample would negate many of the 
problems s t a t e d and i n many cases reduce the time taken f o r a n a l y s i s . 
1.2. SOLID SAMPLE ANALYSIS 
1.2.1. Instrumental Techniques A v a i l a b l e f o r the Analysis of S o l i d 
Samples 
A number of i n s t r u m e n t a l techniques are a v a i l a b l e f o r the d i r e c t 
a n a l y s i s of s o l i d s , each w i t h i t s own advantages and disadvantages. 
Arc and Spark emission spectrometry have f o r many years been an 
important s o l i d a n a l y s i s technique ( 2 , 3 ) , While probably unsurpassed 
f o r r a p i d q u a l i t a t i v e a n a l y s i s of samples some l i m i t a t i o n s of i t s use 
i n q u a n t i t a t i v e a n a l y s i s do e x i s t . Poor p r e c i s i o n i s o f t e n obtained 
w i t h non-conducting samples due t o matrix e f f e c t s . S t a b i l i t y of the 
arc must be high and the requirement f o r c l o s e l y matched standards 
d i c t a t e s the necessity of some p r i o r compositional knowledge. Greater 
p r e c i s i o n i s obtained w i t h conducting samples, such as metals, but 
m a t r i x matching i s s t i l l r e q u i r e d . 
Spark source mass spectrometry (S5M5) i s a s e n s i t i v e s o l i d s technique 
{k) which allows the determination of most elements down t o the sub \SQ 
g"^ l e v e l . Detection l i m i t s can be as low as 10 ng g'^ ( 5 ) . L i k e arc 
and spark emission spectrometers, the l i m i t a t i o n s of instrument 
s t a b i l i t y and poor p r e c i s i o n are i n h e r e n t , w i t h the added disadvantage 
of long a n a l y s i s time. These problems together w i t h the cost and 
complexity of the instrument have r e s u l t e d i n a d e c l i n e , i n recent 
years, i n i t s p o p u l a r i t y . The technique has been reviewed by Bacon and 
Ure (5) and a comprehensive l i s t of a p p l i c a t i o n s includes the a n a l y s i s 
of g e o l o g i c a l and r e l a t e d m a t e r i a l s (Table 9 o f reference 5 ) . 
X-ray fluorescence (XRF) i s now a r o u t i n e technique i n most l a b o r -
a t o r i e s f o r s o l i d s a n a l y s i s ( 6 ) . I t s response a t t r a c e l e v e l i s very 
elemental and matrix dependent and w h i l e i t may cover a d e t e c t i o n range 
from percentage l e v e l down t o jjg g'^ the need f o r c l o s e l y matched 
standards i s important. I n many cases some sample pretreatment, by a 
g r i n d i n g , mixing and p e l l e t i s i n g or f u s i o n technique i s also required 
t o overcome p a r t i c l e s i z e and inhomogeneity e f f e c t s . The r e l a t i v e l y 
new s i s t e r technique of t o t a l r e f l e c t a n c e X-ray fluorescence (T-XRF; 
7,8) i s more s e n s i t i v e , ng g"^ and below d e t e c t i o n l i m i t s , and i s 
reported t o be less m a t r i x dependent but t h i s technique i s not y e t 
widely a v a i l a b l e . 
The i n t r o d u c t i o n of s o l i d s i n t o atomisers f o r atomic absorption 
spectrometry (AAS) has been reviewed by Van Loon (2) and Langmyhr ( 9 ) . 
The former covers not only flame and e l e c t r o t h e r m a l systems but also 
atomic emission and fluorescence spectrometry. C e r t a i n l y a number of 
workers ( l O - l ^ f ) have employed various methods f o r s o l i d s a n a l y s i s using 
flame and e l e c t r o t h e r m a l AAS w i t h varying degrees of success. Lack of 
p r e c i s i o n , low recoveries and high d e t e c t i o n l i m i t s hamper flame 
systems w h i l e poor p r e c i s i o n , small sample siz e s and matrix i n t e r -
ferences are l i m i t a t i o n s o f the e l e c t r o t h e r m a l atomisation technique. 
Automation o f . t h e sampling w i l l , t o a c e r t a i n extent, improve the 
p r e c i s i o n o f the l a t t e r but by f a r the g r e a t e s t advantage t o using the 
furnace atomisation technique i s i t s s e n s i t i v i t y down t o the picogram 
l e v e l i n absolute terms (1 5 ) . 
Neutron a c t i v a t i o n a n a l y s i s can be a very s e n s i t i v e s o l i d s a n a l y s i s 
technique but i t s a p p l i c a b i l i t y i s dependent upon a number of f a c t o r s ; 
( i ) not a l l elements produce appropriate r a d i o a c t i v i t y decay curves; 
( i i ) l a r g e q u a n t i t i e s of sample are o f t e n r e q u i r e d ; ( i i i ) a 'cool-down' 
period t o s t a b i l i s e the decay i s required p r i o r t o the s t a t i s t i c a l 
counting procedure and hence r e s u l t s may not be a v a i l a b l e f o r many 
days; ( i v ) a strong neutron f l u x source i s r e q u i r e d t o i r r a d i a t e the 
sample (small r e a c t o r or a c c e l e r a t o r ) and t h i s expensive source i s not 
r e a d i l y a v a i l a b l e t o most l a b o r a t o r i e s . While t h i s technique has the 
advantages of d i r e c t s o l i d a n a l y s i s , w i t h no v o l a t i l e analyte l o s s or 
contamination, together w i t h r e p r e s e n t a t i v e sampling, the problems 
o u t l i n e d above and occasional 'matrix e f f e c t s ' tend t o outweigh these 
except f o r r a t h e r s p e c i a l i s e d a p p l i c a t i o n s . 
Both glow discharge atomic emission spectrometry (GDAE5) (16) and glow 
discharge mass spectrometry (GDMS) (^,17) are used f o r the a n a l y s i s of 
s o l i d samples. The Grimm (18) glow discharge lamp has been e x t e n s i v e l y 
employed f o r emission a n a l y s i s since 1968 and various m o d i f i c a t i o n s and 
improvements upon t h i s design have been produced (1 9 ) . Although GOMS 
has only r e c e n t l y been e x p l o i t e d commercially i t i s i n f a c t one o f the 
ol d e s t ion-mass spectrometer systems, d a t i n g back t o Aston (20) from 
the 1920's a n d l 9 3 0 ' s . Both techniques have been reviewed (GDAES(21); 
GDH5 (22)) and"recently an assessment of GDMS has appeared i n the 
l i t e r a t u r e (23) which a l s o references several a l t e r n a t i v e techniques 
f o r elemental s o l i d s a n a l y s i s by mass spectrometry (^v). Use o f these 
techniques f o r the a n a l y s i s o f r e f r a c t o r i e s and minerals i s re p o r t e d i n 
the l i t e r a t u r e ( 4 , 23, 2^ ) . Detection l i m i t s are s l i g h t l y m a t r i x 
dependent but g e n e r a l l y f a l l i n the region kO t o 100 ng g"^ f o r a 
sample such as shale ( 2 3 ) . While m a t r i x e f f e c t s are st a t e d t o be 
acceptable f o r metal samples, complex powder mixes are dependent upon 
the sample p r e p a r a t i o n . Other l i m i t a t i o n s i n clude s p e c t r a l i n t e r -
ferences from the discharge gas and other background gases, polyatomic 
i n t e r f e r e n c e s from sputtered matrix atoms i n combination w i t h other 
plasma species and increased cost and complexity compared w i t h 
a l t e r n a t i v e emission techniques. 
Since i t s i n c e p t i o n as an emission spectroscopic source i n the e a r l y 
1960's the i n d u c t i v e l y coupled plasma (ICP) (25) has grown i n pop-
u l a r i t y and a review by Gr e e n f i e l d et a l . (26) traces the h i s t o r y and 
uses of plasma emission sources over a 15 year p e r i o d . S o l i d samples 
have been introduced i n t o the ICP f o r as long as s o l u t i o n s . The 
advantages of low d e t e c t i o n l i m i t s , (ng g ' ^ ) , long l i n e a r working ranges 
(10^-10^), multielement c a p a b i l i t y and the high temperature environment 
of the plasma o f f e r s an i d e a l spectroscopic technique f o r s o l i d s 
a n a l y s i s . The a b i l i t y t o determine t r a c e elemental components i n 
s o l i d s w i t h o u t employing a s o l u b i l i s a t i o n step has been the d r i v i n g 
f o r c e f o r many groups and as a r e s u l t numerous i n t r o d u c t i o n techniques 
have been t r i e d . 
I n powdered form samples of f i n e ( l e s s than 66)jm size) CaC03 Si02, 
A120-J and HgO powders have been analysed using such i n t r o d u c t i o n 
techniques as f j u i d i s e d beds and s w i r l cups (27) w h i l e a v i b r a t i n g cup 
(28) has been used f o r l i t h i u m s a l t and alumina a n a l y s i s . More 
r e c e n t l y , d i r e c t argon e l u t r i a t i o n of c e r t i f i e d reference (CR) coal f l y 
ash i n t o the ICP has been performed ( 2 9 ) . I n a s i m i l a r manner 
c e r t i f i e d reference f i r e b r i c k was analysed (30) using a CR coal ash 
f o r c a l i b r a t i o n . A i r e l u t r i a t i o n was used t o analyse f i n e (below ifO jjm 
s i z e ) CaCO^ powders d i r e c t l y conveyed t o an air-IC P ( 3 1 ) . Problems 
associated w i t h segregation, agglomeration and c a l i b r a t i o n were noted. 
Thermal v a p o r i s a t i o n systems, where the sample i s swept i n vapour form 
i n t o the ICP, have been reviewed by Kantor (32) and, more r e c e n t l y , 
Matusiewicz ( 3 3 ) . The comprehensive review by Matusiewicz a l s o 
includes l a s e r a b l a t i o n (LA) and d i r e c t sample i n s e r t i o n techniques 
(DSIT), where the sample, s o l i d or l i q u i d , i s i n s e r t e d i n t o the plasma 
i n a g r a p h i t e cup or wire loop. The importance of d i r e c t s o l i d 
sampling f o r minerals and t e c h n i c a l products i s displayed i n the 
a p p l i c a t i o n s l i s t shown i n reference 33. 
Of the s o l i d s i n t r o d u c t i o n techniques mentioned f o r the ICP a l l may 
s u f f e r from m a t r i x e f f e c t s t o some degree and matching standards are 
important f o r c a l i b r a t i o n . Probe devices, due t o the reduced thermal 
environment experienced by the sample, compared w i t h swept vapour 
systems, create c o n d i t i o n s where s e l e c t i v e v o l a t i l i t y o f species i s 
evident ( 3 4 ) . Laser a b l a t i o n ICPAES also shows i n t e r f e r e n c e s due t o 
s e l e c t i v e v o l a t i l i t y from a matrix ( 3 5 ) . However, acceptable r e s u l t s 
were reported w i t h small q u a n t i t i e s of powdered minerals using con-
tinuous l a s e r a b l a t i o n t o b r i n g about complete v a p o r i s a t i o n o f the 
sample (3 6 ) . 
I n d u c t i v e l y coupled plasma-mass spectrometry (ICP-MS)(^,37) i s a 
s e n s i t i v e and s e l e c t i v e t e c h n i q u e ' t h a t , by s o l u t i o n a n a l y s i s , has shown 
d e t e c t i o n l i m i t s down to 70 to 80 pg ml"-*- f o r the elements tungsten and 
molybdenum i n g e o l o g i c a l m a t e r i a l s ( 3 8 ) . The technique has been 
extended t o include the a n a l y s i s of s o l i d s by lase r a b l a t i o n (39) and 
more r e c e n t l y by s l u r r y atomisation (^0,41). Chapter 7 of t h i s t h e s i s 
describes the s e m i - q u a n t i t a t i v e determination o f concomitant elements 
i n coal minerals by s l u r r y atomisation which has now been published i^i) 
The d i r e c t c u r r e n t plasma (DCP) atomic emission spectrometer i n i t s 
commercially a v a i l a b l e three e l e c t r o d e form has been described by 
Decker {kZ). While the DCP i s a cooler source compared t o the ICP 
d e t e c t i o n l i m i t s from s o l u t i o n are noted t o be i n the range 0.2 t o 20 
ng ml'-^ f o r elements such as magnesium, i r o n , n i c k e l and lead. Matrix 
e f f e c t s , p a r t i c u l a r l y those from e a s i l y i o n i s e d elements (EIE) are a 
c h a r a c t e r i s t i c o f the DCP but are s u i t a b l y 'buffered out' by use o f an 
EIE, such as l i t h i u m or sodium, i n excess. S o l i d s a n a l y s i s may be 
performed by the s l u r r y technique t o which the sample i n t r o d u c t i o n 
system of the DCP i s w e l l s u i t e d . Minerals and s o i l s have been 
analysed by t h i s method ('f3,4if). 
1.3. SLURRY ATOMISATION 
The s l u r r y atomisation technique can be defined as the i n t r o d u c t i o n of 
a f i n e m a t e r i a l , dispersed i n an aqueous or non-aqueous medium, t o an 
atom-forming environment. For powder samples of small p a r t i c l e s i z e or 
p a r t i c u l a r l y f r i a b l e m a t e r i a l s a s l u r r y i s produced by simple s t i r r i n g 
or g r i n d i n g i n the required medium and, i f necessary i n the presence of 
a s u i t a b l e w e t t i n g agent. While t h i s i s a heterogeneous system, i n 
macroscopic terms a homogeneous d i s p e r s i o n may be maintained by 
a g i t a t i o n . When the s o l i d s loading i s low (<2%m/v) many of the 
r h e o l o g i c a l p r o p e r t i e s of the s l u r r y system model those of a s o l u t i o n 
of s i m i l a r m a t r i x ( a t atmospheric pressure). Hence, i n a n a l y t i c a l 
terms, s o l i d s which are transported t o an atomising environment and 
vaporised i n t h i s s t a t e may be c a l i b r a t e d using simple s o l u t i o n s , t o 
determine a p a r t i c u l a r analyte present. 
The s l u r r y technique has been used t o analyse a wide v a r i e t y o f samples 
by a number of spectroscopic techniques. G i l b e r t {k5) introduced s o i l 
s l u r r i e s i n t o a flame, of a t o t a l consumption burner, and noted the 
emission l i n e s , from major elements present, on a q u a l i t a t i v e basis. 
Since t h i s pioneering i n v e s t i g a t i o n (see Van Loon ( 2 ) , Langmyhr (9) and 
Schrenk (^^6)) a number of workers have employed the s l u r r y technique 
w i t h flames. W i l l i s (^7) suspended mineral samples (<4if pm s i z e ) i n 
water and as p i r a t e d the s l u r r y i n t o three d i f f e r e n t flame systems. 
Q u a n t i t a t i v e measurements showed the response t o be p a r t i c l e s i z e 
dependent and he concluded t h a t f o r acceptable recoveries samples 
should be ground t o less than 10 pm s i z e . F u l l e r (12) analysed 
suspended t i t a n i u m d i o x i d e pigments i n a l i q u i d medium and i n a 
comparison between the techniques of flame atomic absorption spect-
rometry (FAAS) and e l e c t r o t h e r m a l atomic absorption spectrometry 
(ETAAS) concluded t h a t the l a t t e r technique was more t o l e r a n t of 
p a r t i c l e s i z e . Fry and Denton (11) analysed m i l k concentrates and 
tomato sauce d i r e c t l y by flame AAS using a standard a d d i t i o n technique 
t o c a l i b r a t e . A Babington-type n e b u l i s e r was used and the r e s u l t s 
suggest t h a t i n t e r n a l c a l i b r a t i o n overcame matrix t r a n s p o r t problems. 
Since then the modified Babington design n e b u l i s e r has been g e n e r a l l y 
used and other s l u r r i e d samples analysed by flame systems i n c l u d e 
animal t i s s u e ( 1 0 ) , minerals (^8), s o i l s (^9) and more r e c e n t l y 
prepared meats f o r consumption ( 5 0 ) . Mohamed et^ al.. (51) analysed coal 
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s l u r r i e s a f t e r g r i n d i n g and s i e v i n g t o below ^5 m^ and a t t r i b u t e d the 
low s i g n a l recoveries to aerosol mass t r a n s p o r t l oss and incomplete 
v a p o r i s a t i o n o f the l a r g e r p a r t i c l e s . 
E lectrothermal atomic absorption spectrometry has been used t o analyse 
a number of d i f f e r e n t m a t e r i a l s by s l u r r y a tomisation. P a r t i c l e s i z e 
e f f e c t s are not so prevalent w i t h t h i s system because of the method of 
d i r e c t sample t r a n s p o r t t o the atomising c e l l . However, l i m i t a t i o n s 
due t o the maximum temperature a t t a i n a b l e by the furnace w i t h r e s i s t i v e 
heating ( j u s t over 3000*^C), may r e s u l t i n some r e f r a c t o r y m a t e r i a l s 
s u f f e r i n g incomplete a t o m i s a t i o n . F u l l e r e t al^, (^8) i n v e s t i g a t e d the 
e f f e c t of p a r t i c l e s i z e upon recovery f o r chromium and vanadium from 
i l m e n i t e and r u t i l e s l u r r i e s , A sampling e r r o r due t o the reduced 
number of p a r t i c l e s p i p e t t e d ( 2 0 f j l , 20 ^g of sample) when the p a r t i c l e 
s i z e was increased was evident from the standard d e v i a t i o n s obtained i n 
the experiments. However near t o f u l l mean recoveries were observed 
from p a r t i c l e s up t o 100 fjm i n s i z e . Both arsenic (13,l^f) and selenium 
(52) have been determined i n coal s l u r r i e s and complete recoveries were 
achieved, together w i t h good p r e c i s i o n , when the p a r t i c l e s i z e was 
reduced t o 30 pm. Environmental samples have also been analysed by 
s l u r r y ET-AAS f o r both lead (53) and cadmium ( 5 ^ ) . 
The'direct c u r r e n t plasma (DCP) has been used, s u c c e s s f u l l y , to analyse 
s l u r r i e d samples f o r a number of years. Mohamed e t a l . (55) i n v e s t -
i g a t e d the aqueous aerosol s i z e produced by a Babington-type n e b u l i s e r , 
s i n g l e pass spray chamber and 7 mm i n t e r n a l diameter i n j e c t o r tube 
p r i o r t o the i n t r o d u c t i o n o f homogenised beef l i v e r i n s l u r r y form (13% 
m/v). A maximum aerosol s i z e of 62 pm was observed w i t h the mode of 
the d i s t r i b u t i o n a t 6 t o 7 j^m s i z e . The study was e s s e n t i a l l y semi-
q u a n t i t a t i v e f o r the elements copper, z i n c , calcium and phosphorus. 
C e r t i f i e d reference c o a l has been analysed using s l u r r y a t o misation 
(10% m/v) by McCurdy e t al^. ( 5 6 ) . Simple aqueous standards were used 
t o c a l i b r a t e f o r Cr, Cu, Mg, Mn, Ni and Pb i n the samples. S l u r r i e s 
were prepared by an aqueous g r i n d i n g technique which reduced the 
p a r t i c l e s i z e t o below 22 ^ jm; the median size being 5 to 6 pm. The 
recoveries reported were between 80 and 100% of the known value. More 
r e c e n t l y Sparkes and Ebdon (^^3,44) have shown t h a t the p r o p e r t i e s of 
CRM s o i l , m i l k , p l a n t and k a o l i n , as s l u r r i e s , are s i m i l a r t o those of 
the s o l u t i o n used f o r c a l i b r a t i o n . The recoveries from the deter-
mination of major, minor and tr a c e elements i n these m a t e r i a l s were 
gene r a l l y of the order 80 t o 100%. This may be a t t r i b u t e d t o the f i n e 
p a r t i c l e s i z e of the s o l i d s i n the s l u r r i e s and t o the t r a n s p o r t 
p r o p e r t i e s of the s i n g l e pass spray chamber w i t h 10 mm i n j e c t o r used i n 
the a n a l y s i s . Plant t i s s u e s have also been analysed by s l u r r y atom-
i s a t i o n DCP-AES by Vien and Fry (57 ) . 
Of the ins t r u m e n t a l techniques p r e v i o u s l y mentioned matrix e f f e c t s were 
evident i n several analyses using the s l u r r y technique. These 
phenomena were s u c c e s s f u l l y taken i n t o account as shown i n the r e s u l t s 
from a few workers using OCP-AES and ET-AAS. I t i s o f note t h a t an 
inst r u m e n t a l technique which i s less matrix dependent, s u f f e r s less 
chemical i n t e r f e r e n c e and o f f e r s good p r e c i s i o n , and i n some cases 
greater s e n s i t i v i t y , than a l t e r n a t i v e techniques i s t h a t of i n d u c t i v e l y 
coupled plasma atomic emission spectrometry (ICP-AES). With only the 
replacement o f the c o n c e n t r i c glass n e b u l i s e r by one of a high s o l i d s 
design (58) the conventional sample i n t r o d u c t i o n system may be r e t a i n e d 
f o r s l u r r y work. 
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On a t h e o r e t i c a l basis plasmas i n general have been described by 
B i t t e n c o u r t (59) and Griem (60) and w i t h p a r t i c u l a r reference t o the 
ICP by Sharp (61) and Blades ( 6 2 ) . 
1.3.1. The I n d u c t i v e l y Coupled Plasma and S l u r r y A t o m i s a t i on 
From 1961 t o 1962 Reed described i n a s e r i e s o f three papers (63,64,65) 
the c o n s t r u c t i o n of a conc e n t r i c tube ICP t o r c h and some of the 
physical p r o p e r t i e s of the argon and mixed gas-argon plasma. This 
plasma was sustained by a radio-frequency (RF) i n d u c t i o n system which 
was used f o r growing c r y s t a l s . Only passing mention was made as to i t s 
possible use as a spectroscopic source f o r s o l i d s . This p o t e n t i a l was 
f u l l y r e a l i s e d by G r e e n f i e l d , and i n a paper i n 1964 G r e e n f i e l d and co-
workers (66) described the c o n s t r u c t i o n and use o f a three c o n c e n t r i c 
tube t o r c h , w i t h a 2.5 kW, 36 MHz RF i n d u c t i o n generator, f o r the 
production o f an annular argon plasma. I n t h i s design the sample was 
introduced as an aerosol through the hole punched i n the plasma body 
w i t h the argon gas flow from an i n j e c t o r tube. The narrow t a i l flame 
which r e s u l t e d , above the tunn e l i n the plasma, was used as the 
spectroscopic source. Since t h i s pioneering work numerous ICP systems 
have been developed (25,26). While today the most popular t o r c h design 
used i s t h a t known as the 'Fassel t o r c h ' , the d i f f e r e n c e t o t h a t of the 
'Greenfield t o r c h ' i s mainly i n s i z e (Fassel coolant tube 20 mm outside 
diameter, G r e e n f i e l d coolant tube 29 mm outside diameter). Use o f the 
smaller t o r c h i s widespread because of i t s lower power and argon 
requirements. 
G r e e n f i e l d e t a l . were the f i r s t t o r e p o r t (66) the i n t r o d u c t i o n o f 
s l u r r i e s i n t o the ICP although no q u a n t i t a t i v e measurements were made. 
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Using a high s o l i d s n e b u l i s e r of s i m i l a r design to t h a t of Wolcott and 
Sobei ( 6 7 ) , F u l l e r e t aJ^. (^ 8^) i n v e s t i g a t e d the e f f e c t of p a r t i c l e s i z e 
upon the recovery of vanadium and zirconium from i l m e n i t e and r u t i i e 
s l u r r i e d ores. Ground samples w i t h a p a r t i c l e s i z e , said t o be, below 
6 |jm gave the g r e a t e s t recoveries vyhich were some 20 to 50% of known 
values. Transport e f f i c i e n c y was suggested t o be responsible f o r the 
low recoveries. Saba e t a l . (68) studied the e f f i c i e n c i e s of d i f f e r e n t 
sample i n t r o d u c t i o n systems (nebulisers/spray chambers) f o r the t r a n s -
p o r t a t i o n of m e t a l l i c i r o n p a r t i c l e s i n o i l t o the ICP. They concluded 
t h a t the ceramic DCP n e b u l i s e r / s i n g l e pass glass ( h o r n - l i k e ) spray 
chamber was the most e f f i c i e n t . A f t e r c o r r e c t i n g f o r t r a n s p o r t e f f e c t s 
they c a l c u l a t e d t h a t f o r i r o n p a r t i c l e s of 7 pm s i z e and less an 
atomisation e f f i c i e n c y of 77% occurred i n the ICP. No comparison w i t h 
s o l u t i o n t r a n s p o r t was made and no mass d i s t r i b u t i o n s were determined. 
Wilkinson e t a l . introduced coal s l u r r i e s (69) i n t o the ICP using a 
Babington-type neb u l i s e r ( 7 0 ) . The e f f e c t s o f p a r t i c l e s i z e , pumping 
r a t e and s l u r r y c o n c e n t r a t i o n on the observed manganese emission were 
i n v e s t i g a t e d . The s o l i d s p a r t i c l e s i z e was found t o be a c r i t i c a l 
f a c t o r and i n e f f i c i e n t atomisation was suggested as the cause f o r 
reduced recoveries of manganese from p a r t i c l e s of 70 fjm size and above. 
A l i n e a r increase i n the manganese emission s i g n a l was noted w i t h 
i n c r e a s i n g s l u r r y concentration up t o 20% m/v. A v a r i a b l e step siz e 
simplex method (71) was used t o optimise the s i g n a l t o background r a t i o 
of the manganese atom l i n e employed i n the experiments w i t h an a l l 
argon and nitrogen-cooled argon plasma. Sugimae and Mizoguchi (72) 
suspended airb o r n e c o l l e c t e d p a r t i c l e s i n xylene and determined nine 
elements of i n t e r e s t i n the f i l t e r samples. C a l i b r a t i o n was performed 
using CRM s l u r r i e s ground t o a s i m i l a r p a r t i c l e s i z e range as the 
c o l l e c t e d p a r t i c l e s (0.1 t o 100 pm s i z e ) . While Spiers et a l . (73) 
analysed c l a y suspensions f o r t h e i r elemental c o n s t i t u e n t s Watson and 
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Moore (7^^) determined noble metals adsorbed from dissolved ores onto 
ion-exchange r e s i n s . These res i n s were ground t o below 75 pm size and 
introduced as s l u r r i e s t o 17% m/v) i n t o a s i n g l e pass spray chamber 
and a 10 kW plasma a t high gas f l o w r a t e s (2.6 1 min"^). C a l i b r a t i o n 
was performed using ground r e s i n s l u r r i e s w i t h known q u a n t i t i e s of 
noble metals adsorbed onto them. Mackey and Murphy (75) used both 
aqueous and organic (xylene) media to suspend s y n t h e t i c z e o l i t e s f o r 
the d i r e c t determination of t h e i r S i / A l , Na/Al and K/Al r a t i o s . These 
r a t i o s allowed simple c h a r a c t e r i s a t i o n of the minerals w i t h o u t the need 
f o r absolute values. The d i r e c t determination of wear metals i n 
l u b r i c a t i n g o i l s was performed by Algeo ett a_l. (76) using a heated 
Babington-type nebuliser t o reduce v i s c o s i t y e f f e c t s , as an a l t e r n a t i v e 
t o d i l u t i o n . Both normal geometry and i n v e r t e d ( l i k e Reed (63)) 
plasmas were used, w i t h modified spray chambers, t o i n v e s t i g a t e 
t r a n s p o r t p r o p e r t i e s of the m e t a l l i c contaminants. While normal 
geometry plasma values showed l o ^ s (50 t o 70% recovery) f o r the s l u r r y 
method compared w i t h the ashed sample the i n v e r t e d plasma/spray chamber 
arrangement showed f u l l r e c o v e r i e s , 
Watson (77) used standard s l u r r y suspensions t o c a l i b r a t e i n the 
determination of various elements i n s l u r r i e s of f e r r o - a l l o y s , ores and 
slags ( 2 % m/v). A scandium i n t e r n a l standard was employed. Optimum 
plasma running c o n d i t i o n s f o r the s l u r r i e s were determined by a simplex 
method (71,78). I n t r o d u c t i o n of these s l u r r i e s i n t o a.7 kW plasma a t 
2.8 1 min"-*- through a s i n g l e pass spray chamber (SPSC) gave near t o 
f u l l recoveries f o r e i g h t elements of i n t e r e s t , McCurdy and Fry (79) 
determined sulphur i n ground coal s l u r r i e s (mean s i z e 6 ^jm) using a 
SPSC w i t h no b a f f l e s or o b s t r u c t i o n s . Aqueous standards were used f o r 
c a l i b r a t i o n . Aqueous aerosol sizes were determined by a l a s e r 
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technique and the data was used t o consider t r a n s p o r t p r o p e r t i e s on a 
simple t h e o r e t i c a l basis. 
Ebdon and Wilkinson (80,81) analysed coal s l u r r i e s a f t e r dry g r i n d i n g 
the samples ( p a r t i c l e s i z e 30 fjm and l e s s ) . They concluded t h a t the 
p a r t i c l e s i z e o f the s l u r r y sample was important when considering 
r e c o v e r i e s , which under simplexed (71) c o n d i t i o n s f o r manganese gave 
between 90 and 100% recovery. Concentrated s l u r r i e s (10% m/v) produced 
recoveries of between 25 and 200% depending upon the element of 
i n t e r e s t and the plasma c o n d i t i o n s used. The e f f e c t of p a r t i c l e s i z e 
upon the t r a n s p o r t a t i o n o f k a o l i n s l u r r i e s and the recovery f o r various 
elements was i n v e s t i g a t e d by Ebdon and C o l l i e r ( 8 2 ) . This fundamental 
study showed t h a t the d i s t r i b u t i o n of s o l i d p a r t i c l e s reaching the 
plasma was s i g n i f i c a n t l y i n f l u e n c e d by the spray chamber design and 
bore of the i n j e c t o r . The l a r g e s t p a r t i c l e s being transported by a 
d i r e c t v e r t i c a l i n j e c t i o n n e b u l i s e r and 4 mm i n j e c t o r . As t h i s sample 
i n t r o d u c t i o n system led t o i n s t a b i l i t y o f the plasma a s t r a i g h t through 
SPSC w i t h 3 mm i n j e c t o r was recommended f o r p r a c t i c a l a n a l y s i s of 
s l u r r i e s . The recoveries f o r i r o n , magnesium, t i t a n i u m , aluminium and 
s i l i c o n were found t o increase w i t h a decrease i n mean p a r t i c l e s i z e o f 
the s o l i d s i n the s l u r r i e s . Equivalent atomisation e f f i c i e n c y t o t h a t 
of the simple c a l i b r a t i o n s o l u t i o n s was obtained f o r these elements, 
w i t h the exception of aluminium, when the mean p a r t i c l e s i z e of the 
s l u r r y was 0.5 ^ m. When a DPSC w i t h 2.2 mm bore i n j e c t o r was used 
recoveries of 55 t o 73% were observed. I n a subsequent paper Ebdon and 
C o l l i e r (83) used the known s i l i c o n content of a k a o l i n s l u r r y as an 
i n t e r n a l standard t o c o r r e c t f o r v a r i a b l e atomisation e f f i c i e n c i e s 
associated w i t h d i f f e r e n t p a r t i c l e s i z e s . When a lanthanum s a l t was 
added t o a s e r i e s of concentrated s l u r r i e s and monitored, d e v i a t i o n s 
from l i n e a r i t y , f o r an analyte emission versus the s l u r r y concen-
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t r a t i o n , were able to be co r r e c t e d . While the lanthanum i n t e r n a l 
standard c o r r e c t e d f o r v i s c o s i t y e f f e c t s and extended the l i n e a r range 
t o 20% m/v s o l i d s i t i s o f note t h a t the s o l u t i o n standards which 
contained an equivalent c o n c e n t r a t i o n o f analyte produced l i n e a r graphs 
w i t h a greater slope. Differences i n t r a n s p o r t a t i o n and atomisation 
e f f i c i e n c i e s between s o l u t i o n s and s l u r r i e s were t h e r e f o r e not cor-
rected by the lanthanum i n t e r n a l standard. 
Rock and mineral s l u r r i e s were used by Halicz and Brenner (84) and 
Verbeek and Brenner (85) to i n v e s t i g a t e the e f f e c t of p a r t i c l e s i z e 
upon emission i n t e n s i t y of an an a l y t e as a r a t i o t o a scandium i n t e r n a l 
standard.Transport problems are evident due t o p a r t i c l e s i z e (up t o 10 
jjm) and p o s s i b l y d i s p e r s i o n / f l o c c u l a t i o n e f f e c t s . Signal t o background 
emission p r o f i l i n g w i t h viewing height showed i r r e g u l a r i t i e s f o r 
s l u r r i e s compared w i t h s o l u t i o n s and were a t t r i b u t e d t o d i f f e r e n c e s i n 
the atomisation o f s o l i d p a r t i c l e s o f varying g r a i n s i z e . Mixed gas 
plasmas were also i n v e s t i g a t e d . 
Foulkes e t a l . (86) stu d i e d the e f f e c t of g r i n d i n g time upon the 
p a r t i c l e s i z e of ores and minerals, the d i r e c t preparation and 
s t a b i l i s a t i o n of s l u r r i e s and the recoveries of various elements w i t h 
change i n p a r t i c l e s i z e under . d i f f e r e n t plasma running c o n d i t i o n s . 
Aerosol p a r t i c l e s i z e d i s t r i b u t i o n s (PSD) of s o l u t i o n s and s l u r r i e s 
were measured e x i t i n g from a DPSC using a l a s e r analyser and no 
s i g n i f i c a n t d i f f e r e n c e was observed under the c o n d i t i o n s employed. The 
s o l i d PSD of s l u r r i e s reaching the plasma under various flow c o n d i t i o n s 
using d i f f e r e n t i n j e c t o r / s p r a y chamber systems was a l s o s t u d i e d . 
Evidence f o r d i f f e r i n g k i n e t i c and thermodynamic atomisation processes 
between s l u r r i e s and s o l u t i o n s was presented i n the paper. 
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Broekaert eit aj^. (87) studied the emission of various elements from 
t i t a n i a and alumina s l u r r i e s . Magnesium, i r o n and aluminium were 
determined i n the t i t a n i a samples ( p a r t i c l e s i z e range 2 pm t o 18 pm) 
using aqueous c a l i b r a t i o n standards and r a t i o i n g each analyte's 
i n t e n s i t y t o t h a t from a t i t a n i u m emission l i n e . This was performed i n 
order t o reduce any e f f e c t s from t r a n s p o r t a t i o n or atomisation i n the 
s l u r r y c a l c u l a t i o n s . Alumina s l u r r i e s of mean p a r t i c l e size 0.6 \^m 
(93% by volume below 1 pm s i z e ) a t low c a r r i e r f l ow r a t e s showed over 
95% of the response from s o l u t i o n s of equivalent aluminium concen-
t r a t i o n . Raeymaekers e t a l . (88) i n v e s t i g a t e d aqueous and s l u r r y 
(alumina) aerosol s i z e d i s t r i b u t i o n s using a cascade impactor. No 
s o l i d d i s t r i b u t i o n s f o r post-nebulised s l u r r i e s were shown, and severe 
l i m i t a t i o n s i n t h e i r experimental methodology casts doubts upon t h e i r 
r e s u l t s and some of the t h e o r e t i c a l c a l c u l a t i o n s presented e.g. assumed 
t r a n s p o r t e f f i c i e n c y and d i s t r i b u t i o n of s o l i d s reaching the plasma, 
t h a t alumina p a r t i c l e s act l i k e coal p a r t i c l e s , t h a t spray chambers 
produce i d e n t i c a l aerosol d i s t r i b u t i o n s , t h a t i n j e c t o r s do not a f f e c t 
• 
aerosol s i z e reaching the plasma and t h a t analyte recovery i s dependent 
only upon degree of a t o m i s a t i o n . 
l.£f. THE 0B3ECTIVES OF THIS WORK. 
Browner and Boorn (89) have described the sample i n t r o d u c t i o n system as 
the ' A c h i l l e s heel' of atomic spectroscopy, and s t a t e d t h a t major 
advances w i l l come only when a sound framework of fundamental knowledge 
i s i n place. This statement can also be considered t o apply t o the 
s l u r r y technique when simple aqueous s o l u t i o n s are used f o r c a l i b -
r a t i o n . A g r e a t e r understanding of the mechanisms in v o l v e d , from 
s l u r r y p r e p a r a t i o n through t o plasma atomisation was one of the major 
o b j e c t i v e s of t h i s work. 
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While l i g h t , f r i a b l e matrices w i l l g e n e r a l l y form s l u r r i e s q u i t e 
e a s i l y , e f f i c i e n t g r i n d i n g techniques which reduce the p a r t i c l e s i z e of 
a hard or r e f r a c t o r y m a t e r i a l t o the region of 5 pm i n as short a time 
pe r i o d as possible r e q u i r e d i n v e s t i g a t i o n . The minimum of contamin-
a t i o n being a necessary c r i t e r i o n . The s t a b i l i t y of a s l u r r y 
d i s p e r s i o n , i n both the short and long term, and any e f f e c t s from 
working the s l u r r y e.g. pumping, n e b u l i s i n g , charging e t c . , was 
also an area f o r study. 
For f u l l recoveries t o be r e a l i s e d from an i d e a l s l u r r y the t r a n s p o r t -
a t i o n and atomisation processes should, i n magnitude, model those of 
the s o l u t i o n s used i n the c a l i b r a t i o n . I t was t h e r e f o r e necessary to 
a s c e r t a i n the degree t o which a s l u r r y models a s o l u t i o n and t o t h i s 
end the major s l u r r y t r a n s p o r t a t i o n processes were studied i . e . 
e f f i c i e n c y , p a r t i c l e s i z e d i s t r i b u t i o n o f aerosol and s o l i d s t r a n s -
ported to plasma. A comparison w i t h simple s o l u t i o n s was then 
performed under the same c o n d i t i o n s . While plasma atomisation e f f e c t s , 
i f present, are d i f f i c u l t t o i s o l a t e , the use of various plasma running 
c o n d i t i o n s t o vaporise high b o i l i n g p o i n t and r e f r a c t o r y minerals was 
undertaken t o exaggerate, i f p o s s i b l e , any d i f f e r e n c e s between a 
s o l u t i o n and s l u r r y . The monitoring of viewing height emission 
p r o f i l e s o f atomic and molecular species allowed such d i f f e r e n c e s t o be 
observed. The e f f e c t of s l u r r y p a r t i c l e s i z e upon the e f f i c i e n c i e s o f 
t r a n s p o r t a t i o n and atomisation was i n v e s t i g a t e d f o r a v a r i e t y of 
minerals, ores and ceramics. 
The hardware and software of the modern ICP i s c o n t i n u a l l y changing. 
Developments i n t o r c h design have r e s u l t e d i n the extended and laminar 
flow torches being o f f e r e d as improvements upon e x i s t i n g hardware. Th*-
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performances of the l a r g e 'Greenfield', smaller 'Fassel' and l a r g e 
•laminar flow' torches were studied using s o l u t i o n s and s l u r r i e s 
together w i t h a- simplex program t o optimise the running c o n d i t i o n s . 
The a b i l i t y of a plasma t o vaporise a sample completely w i l l depend 
upon a number of f a c t o r s , the p a r t i c l e s i z e and residence time i n the 
plasma, the matrix energy demand of the m a t e r i a l and the thermal 
temperature of the atomising c e l l . I t i s t h e r e f o r e necessary t o 
a s c e r t a i n the value of the 'breakdown' temperature o f the plasma i f 
atomisation mechanisms are t o be considered i n the s l u r r y / s o l u t i o n 
model. The value of the r o t a t i o n a l temperature (T^.^^) i n the analyte 
channel of the plasma was determined as a d i a g n o s t i c i n d i c a t o r o f the 
'thermal' temperature t h a t may be experienced by a s l u r r y or s o l u t i o n 
aerosol. The change i n TJ,Q^ as a f u n c t i o n of height i n the plasma, 
c a r r i e r gas flow and m atrix loading ( s o l u t i o n and s l u r r y ) was also 
s t u d i e d . 
The work was extended t o evaluate the use of s l u r r y atomisation w i t h 
the technique of ICP-MS. Samples of c e r t i f i e d reference coals and 
s o i l s were analysed on a s e m i - q u a n t i t a t i v e basis i n order t o assess, 
r a p i d l y , t h r e s h o l d values f o r concomitant elements of i n t e r e s t . 
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CHAPTER 2 
THE PREPARATION OF SLURRIES FOR ANALYSIS 
2.1 INTRODUCTION 
As p r e v i o u s l y s t a t e d a s l u r r y i s a heterogeneous (two phase) system 
which comprises a dispersed p a r t i c u l a t e s o l i d i n a l i q u i d medium. For 
p a r t i c l e s l a r g e r than 0.5 |jm and media of low v i s c o s i t y a homogeneous 
d i s p e r s i o n , i n macroscopic terms, may be maintained by a g i t a t i o n i . e . 
shaking, s t i r r i n g , u l t r a s o n i c a t i o n , sparging e t c . , which r e s u l t s i n a 
suspension. Dispersed p a r t i c l e s of 0.2 ^ m s i z e and less are o f t e n 
considered c o l l o i d a l and are not sub j e c t t o g r a v i t a t i o n a l s e t t l i n g 
f o r c e s ; being held i n suspension by Brownian motion, ( t h e c o n t i n u a l 
random displacement of very small p a r t i c l e s caused by molecular 
bombardment from the d i s p e r s i o n medium). For a greater a p p r e c i a t i o n of 
the r e l a t i o n s h i p t h a t e x i s t s between suspensions, s o l s and s o l u t i o n s 
the reader i s d i r e c t e d t o references 90, 91 and 92. 
When a powder i s added t o a d i s p e r s i o n medium a number of i n t e r - r e l a t e d 
f a c t o r s need t o be considered. I f the powder surface i s lyophobic, 
( s o l v e n t - h a t i n g ) i t i s d i f f i c u l t t o disperse. I f i t i s l y o p h i l i c , 
( s o l v e n t - l i k i n g ) the powder disperses e a s i l y . I n aqueous systems the 
terms are hydrophobic and h y d r o p h i l i c r e s p e c t i v e l y . I n order t o make a 
powder surface l y o p h i l i c a d i s p e r s i n g agent i s added. The c o r r e c t 
choice of d i s p e r s i n g agent also has the e f f e c t of s t a b i l i s i n g the 
dis p e r s i o n .for long time periods and .of reducing Ostwald r i p e n i n g (slow 
d i s s o l u t i o n o f very f i n e c r y s t a l l i n e p a r t i c l e s w i t h subsequent p r e c i p -
i t a t i o n onto the l a r g e r p a r t i c l e f r a c t i o n , the d r i v i n g f orce being the 
reduction of the high surface f r e e energy c o n t r i b u t i o n from the f i n e r 
19 
f r a c t i o n ) . Hence d i s p e r s i n g agents are f r e q u e n t l y added to l y o p h i l i c 
powders. 
2.1.1. The Dispersion of Powders (93,9^) 
When a dry powder i s added t o a l i q u i d medium three stages i n the 
d i s p e r s i o n process may be d i s t i n g u i s h e d . 
( i ) The process of w e t t i n g which i s defined as the replacement 
of the s o l i d - a i r i n t e r f a c e by a s o l i d - l i q u i d i n t e r f a c e . 
( i i ) The process o f disaggregation o f c l u s t e r s o f p a r t i c l e s . 
( i l l ) The process of d i s p e r s i o n s t a b i l i s a t i o n ( 9 3 ) . 
The w e t t i n g process i s q u a n t i f i e d by the i n t e r f a c i a l tensions between 
s o l i d and l i q u i d ^5L» s o l i d and a i r "S^ gy^  and l i q u i d and a i r ^L^^ ( a l l 
i n Nm"-^ ) i n the expression: 
SLS = ^ S A - ^ S L - ^ L A (2.1) 
where S^g i s the spreading c o e f f i c i e n t ( i n Nm"-*-) which when p o s i t i v e 
i n d i c a t e s the l i q u i d w i l l spread. The a d d i t i o n of a surface a c t i v e 
agent u s u a l l y decreases the value of ^Ly\ and, i f adsorbed, decreases 
Both of which lead t o greater w e t t i n g . As the change i n ^ ^ i s 
small f o r most cases the dominating f a c t o r i s ^ ^ ^ ^ ^ , the surface tension 
of the l i q u i d phase. 
The second stage i n the d i s p e r s i o n process i n v o l v e s the breakdown of 
aggregates and agglomerates a f t e r w e t t i n g . Penetration by the l i q u i d 
20 
i n t o the voids between p a r t i c l e s may b r i n g about d i s i n t e g r a t i o n f o r 
e a s i l y wetted powders. Normally however, the use o f mechanical energy 
( s t i r r i n g , g r i n d i n g e t c . ) i s re q u i r e d . 
The t h i r d stage Involves the s t a b i l i t y of the wetted dispersed system 
and depends upon the forces between p a r t i c l e s . P a r t i c l e s can be 
brought i n t o close contact by random motion which may cause them t o 
f l o c c u l a t e , ( t h e c o l l i s i o n frequency depends upon the co n c e n t r a t i o n , 
v i s c o s i t y and temperature of the system). The p o t e n t i a l b a r r i e r which 
e x i s t s between p a r t i c l e s governs whether they combine or not. The 
p o t e n t i a l energy can be considered t o c o n s i s t of two terms, the 
a t t r a c t i v e (London - van der Waals) f o r c e , and the r e p u l s i v e 
( e l e c t r i c a l double l a y e r ) f o r c e . The i n t e r a c t i o n curve (Figure 2.1, 
(9if ) ) f o l l o w s an exponential decay p a t t e r n ; the sum of the forces 'A' 
( a t t r a c t i o n ) and 'R' ( r e p u l s i o n ) gives the t o t a l energy curve 'B'. I f 
the maximum has an energy of more than 15kT (or 36.5 KO mol"-*- a t room 
temperature) the system i s s t a b l e . This concept cannot account f o r the 
a c t i o n shown by many non-ionic surface a c t i v e agents and those non-
aqueous systems of low d i e l e c t r i c constant. I n such cases s t a b i l -
i s a t i o n depends upon s t e r i c and/or e n t r o p i c r e p u l s i o n . 
2.1.2. The Measurement of Dispersion. 
On a more p r a c t i c a l basis the e f f i c i e n c y of a surface a c t i v e agent i n 
a i d i n g d i s p e r s i o n was gauged by comparative p a r t i c l e s i z i n g , w i t h time. 
Two techniques were used i n t h i s study. 
( i ) O p t i c a l microscopy. The use of a c a l i b r a t e d g r a t i c u l e allowed 
v i s i b l e r e c o g n i t i o n of maximum p a r t i c l e sizes together w i t h 
the broad range and narrow peak range d i s t r i b u t i o n s o f a 
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dispersed sample. The presence or formation of f l o e s could be 
monitored as could the degree of agglomeration. Cross-pole 
ana l y s i s and f i l t e r s f o r phase c o n t r a s t i n g were also used t o 
d i s t i n g u i s h between f l o e s , aggregates and agglomerates. 
( i i ) E l e c t r i c a l sensing - zone p a r t i c l e a n a l y s i s . P a r t i c l e s i z e 
d i s t r i b u t i o n s of powders and s l u r r i e s were measured using a 
Coulter Counter TA I I multi-channel p a r t i c l e analyser (Coulter 
Counter L t d , Luton, Beds, UK). The Coulter Counter p r i n c i p l e 
(94,95) i s based upon the change i n e l e c t r i c a l c o n d u c t i v i t y 
t h a t occurs when a p a r t i c l e , suspended i n an e l e c t r o l y t e , i s 
drawn through a small aperture, on e i t h e r side of which i s an 
electrode f o r monitoring the impedance. The change i n 
detector voltage i s p r o p o r t i o n a l t o the volume of e l e c t r o l y t e 
displaced by the p a r t i c l e as i t passes through the aperture. 
P r o p r i e t o r y Coulter e l e c t r o l y t e (ISOTON I I ) was used f o r a l l 
p a r t i c l e s i z e determinations and both 30 pm and 140 ^m o r i f i c e 
tubes were employed i n the determinations. 
2.2. THE DIRECT PREPARATION OF SLURRIES WITHOUT SAMPLE PRETREATMENT. 
I n d u s t r i a l and n a t u r a l l y o c c u r r i n g powder samples which are of very 
f i n e p a r t i c l e s i z e ( l e s s than 10 pm) can be considered s u i t a b l e f o r 
an a l y s i s by the s l u r r y technique w i t h o u t any pre-treatment. Dispersion 
i s brought about by using a s u i t a b l e medium, and where necessary a 
surface a c t i v e agent. A number of examples are c i t e d i n the l i t e r a t u r e 
where ICP-AES and flame atomic absorption were used f o r the elemental 
a n a l y s i s o f f i n e s l u r r i e s . Mackey and Murphy (75) analysed z e o l i t e s i n 
both xylene and water using the known aluminium content of the samples 
as an i n t r i n s i c i n t e r n a l standard t o o b t a i n f u l l recoveries. A s i m i l a r 
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Potential energy (net) curve against distance from particle: A, force of 
attraction,/?, force of repulsion, 5, resultant force. 
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procedure was adopted by Ebdon and C o l l i e r (83) using the known s i l i c o n 
content o f aqueous k a o l i n s l u r r i e s . Air-borne p a r t i c u l a t e s dispersed 
i n xylene were .analysed by Sugimae and Mizoguchi (72) while Fry and 
Denton (11) analysed m i l k , blood and food sauce by flame AAS. Other 
examples include u l t r a f i n e alumina ( ( 8 6 ) ; Chapter 4, Section .^^ ^ o f 
t h i s t h e s i s ) , ion-exchange r e s i n s ( 7 ^ ) , wear metals i n o i l ( 7 6 ) , k a o l i n 
(^3,82), t i t a n i u m d i o x i d e , r i v e r water and PTFE (96) and z i r c o n i a 
(Chapter ^f; Section ^f.S o f t h i s t h e s i s ) . I n a l l but those samples 
which can be considered u l t r a f i n e problems associated w i t h p a r t i c l e 
s i z e were encounte^^. While using an i n t r i n s i c i n t e r n a l standard does 
negate many of these problems the use of standard suspensions of 
s i m i l a r m a t r i x (72) i s dependent upon close matching of the p a r t i c l e 
s i z e d i s t r i b u t i o n s . 
2,3. THE PRETREATMENT OF SAMPLES FOR ANALYSIS. 
For the e x c i t a t i o n systems t h a t employ the s l u r r y technique (^fS) the 
p a r t i c l e s i z e of the analyte i s a major c o n s i d e r a t i o n . The time taken 
f o r a s o l i d m a t r i x t o form atoms i s dependent not only upon the 
temperature of the atomising c e l l but also on the s i z e of the m a t r i x 
p a r t i c l e . When n e b u l i s a t i o n i s used t o int r o d u c e the s l u r r y t o the 
atom c e l l the p a r t i c l e s i z e e f f e c t i s compounded by the e f f i c i e n c y of 
the t r a n s p o r t system (8 2 ) . 
I t i s reported (^8) t h a t , f o r atomisation t o be e f f i c i e n t i n a plasma, 
a maximum p a r t i c l e s i z e o f 10 fim (8 pm from reference 82) i s r e q u i r e d . 
Unless the m a t e r i a l t o be analysed i s n a t u r a l l y of t h i s size range a 
s u i t a b l e comminution process (97) i s necessary. Hence f o r most samples 
t o be analysed by s l u r r y a t o misation using the conventional n e b u l i s -
a t i o n technique s i z e r e d u c t i o n i s a necessary p r e p a r a t i v e step. 
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For s i z e reduction to be an e f f i c i e n t stage i n the a n a l y s i s route the 
f o l l o w i n g c r i t e r i a are considered important: 
( i ) the process should be r a p i d ; 
( i i ) the process should allow a r e p r e s e n t a t i v e sample t o be 
taken; 
( i i i ) no contamination, o f the elements of i n t e r e s t , should 
r e s u l t from the g r i n d i n g process; 
( i v ) the s l u r r y t o be analysed should c o n t a i n a maximum 
p a r t i c l e s i z e of 10 pm, p r e f e r a b l y l ess than 8 pm. 
For those samples which have a very wide p a r t i c l e s i z e d i s t r i b u t i o n , 
e.g. coarse ores and minerals, s i n t e r e d ceramic powders, or those t h a t 
need t o be reduced t o powder form e.g. granular feeds, ceramic sheets 
and formers, c a t a l y s t s h e l l s , glassed p e l l e t s , c r i t e r i o n ( i i ) becomes 
very important. A s u f f i c i e n t l y l a r g e sample should be taken and broken 
down i n order to f u r n i s h a r e p r e s e n t a t i v e sub-sample of the bulk. 
Laboratory g r i n d i n g instruments capable o f reducing m a t e r i a l t o the sub 
10 fjm range are g e n e r a l l y designed t o handle only small q u a n t i t i e s . 
Hence c e r t a i n samples d i c t a t e t h a t s i z e r e d u c t i o n be c a r r i e d out i n two 
stages. A number of g r i n d i n g techniques have been attempted t o over-
come the two step process but t o date the routes described below have 
proved o p t i m a l . While many d i f f e r e n t samples have been ground, using 
the t h r e e m i l l i n g methods t o be described, the f o l l o w i n g examples serve 
t o show the c a p a b i l i t i e s of the comminution techniques and the 
a p p l i c a b i l t y of c e r t a i n d i s p e r s i o n systems. The g r i n d i n g technique 
used f o r s p e c i f i c samples together w i t h t h e i r d i s p e r s i o n system and 
subsequent siz e d i s t r i b u t i o n are t o be found i n Chapter ^ of t h i s 
t h e s i s under the r e l e v a n t heading. 
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2.3.1. Experimental and Results 
The samples chosen f o r the s l u r r y p r e p a r a t i o n experiments were ( i ) two 
sulphide-bearing ores O+L^ and SA1/C120, BP Research Centre, Sunbury-
on-Thames, Middlesex, UK) w i t h a p a r t i c l e s i z e ranging from 100 pm up 
to ^ mm, ( i i ) two standard reference m i n e r a l i s e d rocks (MPla and KCla, 
Canadian Centre f o r Mineral and Energy Technology, CANMET 555 Booth 
S t r e e t , Ottawa, Ontario, Canada) sieved to below 74 pm and ( i l l ) a 
polyboron n i t r i d e ceramic i n sheet form (vapour d e p o s i t i o n , R i n g s d o r f f -
Werke GmbH, Bad Godesburg,5300 BONN 2,West Germany). Taking i n t o 
c o n s i d e r a t i o n the need t o avoid contamination and the hardness of the 
samples i t was necessary t h a t the g r i n d i n g media be composed of a 
ma t e r i a l higher on a 'measure of hardness' (MOH) scale. While an 
a l t e r n a t i v e i s t o use g r i n d i n g media lower on the scale t h a t do not 
contaminate the s l u r r y w i t h the elements o f i n t e r e s t , i t i s of note 
t h a t b r i t t l e or f r i a b l e g r i n d i n g media w i l l c o n t r i b u t e s o l i d t o the 
s l u r r y . I f t h i s s o l i d i s of a lar g e p a r t i c l e s i z e i t may modify the 
t r a n s p o r t e f f i c i e n c y of the sample and i n some cases s p e c t r a l l y 
i n t e r f e r e (e,g. z i r c o n i a g r i n d i n g media give Zr i n t e r f e r e n c e on the 
primary s i l v e r emission l i n e ) . The major components of each of the 
samples together w i t h t h e i r 'measure of hardness' (MOH) are shown i n 
Table 2.1 ( 1 ) . Table 2.2 shows a l i s t of commonly used g r i n d i n g media 
together w i t h t h e i r MOH and composition (98,99). 
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TABLE 2.1 
Major components of the samples 3+L4, SA1/C120, KCla, MPIa and 
polyboron n i t r i d e together w i t h t h e i r 'Measure of Hardness' (MOH) 
boron 
n i t r i d e 
Mineral Formula MOH 3+L4 SAl/ 
CI 20 
KCla MP] 
Sp h a l e r i t e Zn(Fe)S 3.5-4.0 V V V V 
P y r i t e FeS2 6.0-6.5 V V V . V 
Chalcopyrite CuFeS2 3.5-4.0 V V V V 
Galena PbS 2.5-2.8 V V V V 
Arsenopyrite FeAsS 5.5-6.0 V V 
F r i e b e r g i t e (AgCu)(SbAs)S 3.0-4.5 V 
Native s i l v e r Ag 2.5-3.0 V 
Quartz Si02 7 V V V V 
C h l o r i t e (Fe,Mn)(Al,SiO,OH) 6.5 V 
Chalcocite CU2S 3.5-4.0 V 
Topaz Al 2SiO£^(F,OH)2 8 V 
F l u o r i t e Ca F2 4 V 
C a s s i t e r i t e Sn02 6.0-7.0 V V 
K a o l i n i t e Al2Si205(0H)^ 2.0-2.5 V 
Stannite V 
R u t i l e Ti02 6.0-7.0 V 
Carbon C 1.0-2.0 V 
Polyboron 




Ma t e r i a l s commonly used as g r i n d i n g media together w i t h t h e i r 
major and minor elemental components and measure of hardness. 
Grinding 
M a t e r i a l 
Major elements Minor elements Measure of 
Hardness 
P l a s t i c s ^ ^ ^ C - 1.5 - 2.0 
Hardened s t e e l Fe Cr, S i , Mn, C 5.5 - 6.0 
Sta i n l e s s s t e e l Fe,Cr N i , Mn^^^ S^ ^^  5.0 - 5.5 
Agate S i Al,Na,Fe,K,Ca,Mg^2^ 6.0 - 7.0 
Fused z i r c o n i a 2r S i , Hf 7.0 - 8.0 
Alumina ceramic Al S i , Ca, Mg 8.0 - 9.0 
S i l i c o n ceramic S i , C - 8.0 - 9.0 
Tungsten carbide W,C,Co Ta, T i , Nb 8.5 - 9.0 
Boron carbide B,C 9.0 - 9.5 
1. Possibly present 
2. Usually less than 0.02% 
3. Polystyrene and Methacrylate 
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2.3.1.1 F i r s t stage g r i n d i n g process. 
A Tema disc m i l l (51,60) (Tema Machinery L t d , Oxon, UK) w i t h a tungsten 
carbide l i n e d chamber and s o l i d tungsten carbide r i n g and plug g r i n d i n g 
elements (Campbell L t d , Stoke-on-Trent, UK) was used f o r the i n i t i a l 
g r i n d i n g step. A dry g r i n d i n g process was used to f a c i l i t a t e repres-
e n t a t i v e sub-sampling f o r the second stage s l u r r y process. Experiments 
where lOOg of ores 3+L4 and SA1/C120 were ground showed under micro-
s c o p i c a l examination t h a t a f t e r three minutes the maximum p a r t i c l e s i z e 
had been reduced from 4 mm to 100 pm and a f t e r 10 minutes most of the 
m a t e r i a l was less than 50 |jm. Wet s i e v i n g a n a l y s i s of the 10 minute 
ground ore showed t h a t greater than 90% by mass passed through a 38 pm 
mesh (3+L4, 8.9% and SA1/C120, 3.5% greater than 38 pm). P a r t i c l e s i z e 
d i s t r i b u t i o n s (Coulter Counter) of the 10 minute ground ores are shown 
i n Figures 2.2. and 2.3. For comparison the p a r t i c l e s i z e d i s t r i b u t i o n 
of a polyboron n i t r i d e sample which had been dry ground f o r two minutes 
using the Tema m i l l i s shown i n Figure 2.^. The low density of 
polyboron n i t r i d e together w i t h i t s p h y s i c a l form ( t h i n sheets) 
r e s t r i c t e d the amount ground i n one batch t o about 20 g. 
2.3.1.2. Second stage g r i n d i n g process. 
Two d i f f e r e n t techniques were used f o r the combined g r i n d i n g and 
s l u r r y p r e p a r a t i o n stage, ( i ) the b o t t l e and bead method (^fO,4^^,86) and 
( i i ) the microniser method. 
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FIGURE 2.2 
By volume p a r t i c l e s i z e d i s t r i b u t i o n of BP s u l p h i d e o r e , J+L4 
a f t e r 10 minutes g r i n d i n g i n a TEMA disk m i l l . 
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By volume p a r t i c l e size d i s t r i b u t i o n of BP sulphide ore, SA1/C120, 
a f t e r 10 minutes g r i n d i n g i n a TEMA disk m i l l . 
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By weight p a r t i c l e s i z e d i s t r i b u t i o n s of a Polyboron n i t r i d e 
ceramic a f t e r g r i n d i n g (a) 2 minutes i n a TEMA disk m i l l and (b) 3 
hours by the b o t t l e and bead method. 
15 
DIAMETER fjm 
20 25 30 
2.3.1.3. The b o t t l e and bead method. 
A s u i t a b l e q u a n t i t y of sample (0.1 t o 2 g) i s placed i n a 30 ml poly-
thene b o t t l e which contains a minimum 10 times weight r a t i o o f 2.5 mm 
z i r c o n i a beads (not less than 10 g used) t o sample (fused z i r c o n i a 
beads, Glen Creston, Stanmore, Middx, UK). An aqueous s o l u t i o n o f a 
dis p e r s i n g agent (e.g. 0.1% m/v sodium hexametaphosphate) i s added 
u n t i l the beads are j u s t covered. 
The b o t t l e i s sealed and shaken using a l a b o r a t o r y f l a s k shaker 
(Gallenkamp) f o r the period of time necessary t o b r i n g the p a r t i c l e 
s i z e down t o t h a t required ( 1 to 3 hours). The s l u r r y i s washed i n t o a 
volum e t r i c f l a s k , through a coarse sieve which r e t a i n s the g r i n d i n g 
media, and made up t o the mark (e.g. w i t h s u r f a c t a n t s o l u t i o n , 0.1% 
m/v). The c o n d i t i o n s employed i n the b o t t l e and bead method were 
determined from g r i n d i n g t r i a l s on the two ores and SA1/C120. The 
e f f e c t on the p a r t i c l e s i z e d i s t r i b u t i o n by varying the g r i n d i n g time 
(0 t o 3 hours) and conce n t r a t i o n (0.1 t o 5% m/v) of d i f f e r e n t s u r f a c t -
ants (SHMP, TSPP, TXlOO) was measured using a Coutler Counter. The 
r e s u l t s o f the t r i a l s are shown i n Tables 2.3 to 2.9. A g r a p h i c a l 
r e p r e s e n t a t i o n of the v a r i a t i o n i n p a r t i c l e s i z e d i s t r i b u t i o n w i t h 
g r i n d i n g time f o r the ore i s shown i n Figure 2.5. V a r i a t i o n s of 
up t o +_^ % by volume i n a size range were found between subsequent 
determinations under the same c o n d i t i o n s . Duplicate runs were cl o s e r 
i n value. 
Figure 2.4 shows the p a r t i c l e s i z e d i s t r i b u t i o n of the polyboron 
n i t r i d e sample before (post 2 minutes g r i n d i n g on Tema m i l l ) and a f t e r 
a 3 hour g r i n d i n g period using the b o t t l e and bead method. 
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TABLE 2.3 
P a r t i c l e - s i z e d i s t r i b u t i o n (% volume) of ore against 
g r i n d i n g time. No dispersant ( b o t t l e and bead method) 
Grinding time (hours) 
Size range (jjm) 0 - 0.5 1 3 
up t o 2.52 17.5 26.4 34.2 48.4 
2.52 - 3.17 15.3 22.2 25.1 28.9 
3.17 - ^.0 16.3 21.1 20.0 14.5 
^.0 - 5,0k l^f.O 15.6 11.9 4.2 
5.0if - 6.35 12.3 9.2 5.9 1.1 
6.35 - 8.0 9.5 3.7 1.5 0.3 
8.0 - 10.08 7.i^ 1.1 0.3 0 
10,08 - 12.7 if.O 0.4 0.2 0 
12.7 - 16.0 2.4 0.4 0 0 
16.0 - 20.16 0.9 0 0.3 0 
20.16 - 25.4 0.3 0 0 0 
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TABLE 2.if 
P a r t i c l e s i z e d i s t r i b u t i o n (% volume) of ore against g r i n d i n g time 
0.1% (m/v) sodium hexametaphosphate dispersant ( b o t t l e and bead method) 
Grinding time (hours) 
Size range (|jm) 0 0.5 1 2 3 
up to 2.52 16.7 23.0 33.3 35.0 if if.2 
2.52 - 3.17 17.2 21.9 27.0 29.2 29.3 
3.17 - ^.0 19.8 23.if 22.8 21.2 17.2 
if.O - 5.0if 17.3 16.8 11.3 9.7 6.5 
5,0^• - 6.35 13.if 8.6 3.6 3.1 1.5 
6.35 - 8.0 8.1 3.3 0.9 0.8 0.3 
8.0 - 10.08 5.2 1.3 0.3 0.3 0.3 
10.08 - 12.7 2.6 0.6 0.3 0.3 0 
12.7 - 16.0 0.9 0.8 0.3 0.5 (0.6) 
16.0 - 20.16 0 0.3 0.2 0 0 
20.16 - 25.4 0 0.1 0 0 0 
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TABLE 2.5 
P a r t i c l e s i z e - d i s t r i b u t i o n (% volume) o f ore a f t e r 3 hour g r i n d 
against c o n c e n t r a t i o n of dispersant ( b o t t l e and bead method) 
% m/v sodium hexametaphosphate dispersant 
Size range (^m) 0 0.1 5 
up t o 2.52 48.4 44.2 50.2 
2.52 - 3.17 28.9 29.3 29.4 
3.17 - ^.0 14.5 17.2 13.2 
£f.O - 5.04 4.2 6.5 3.0 
5.04 - 6.35 . 1.1 1.5 0.6 
6.35 - 8.0 0.3 0.3 0.2 
8.0 - 10.08 0 0.3 0 
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TABLE 2.6 
P a r t i c l e s i z e d i s t r i b u t i o n {% volume) of ore 5A1/C120 w i t h 
g r i n d i n g time. No dispersant ( b o t t l e and bead method) 
Grinding time (hours) 
Size range {pm) 
up t o 2.52 
2.52 - 3.17 
3.17 - 4.0 
4.0 - 5.04 
5.04 - 6.35 
6.35 - 8.0 
8.0 - 10.08 
10.08 - 12.7 
12.7 - 16.0 
16.0 - 20.16 
20.16 - 25.4 
25.4 - 32.0 
0 0.5 1 
8.9 15.8 19.9 
9.0 16.0 20.7 
12.7 19.3 23.3 
11.7 18.0 18.5 
11.0 15.1 11.4 
10.3 9.1 4.7 
11.7 • 5.2 1.3 
10.1 1.3 0.3 
7.0 0.2 0 
5.2 0 0 
2.0 0 0 
0.3 0 0 
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TABLE 2.7 
P a r t i c l e s i z e d i s t r i b u t i o n (% volume) of ore SA1/C120 against g r i n d i n g 
time. 0.1% (m/v) sodium hexametaphosphate dispersant ( b o t t l e and bead 
method) 
Grinding time (hours) 
Size range (jjm) 0 0.5 1 2 3 
up to 2.52 11.0 13.0 18.8 28.6 37.0 
2.52 - 3.17 12.8 14.8 20.3 27.6 30.8 
3.17 - 4.0 17.5 20.2 24.0 23.7 23.2 
4.0 - 5.04 17.2 19.9 19.6 13.3 8.2 
5.04 - 6.35 15.8 16.0 11.5 5.3 1.8 
6.35 - 8.0 12.0 9.5 4.3 1.2 0.2 
8.0 - 10.08 9.4 4.9 1.3 0 0 
10.08 - 12.7 3.5 1.3 0.1 0 0 
12.7 - 16.0 0.7 0.4 0.2 (0.4) (0.4) 
16.0 - 20.16 0 0 0 0 0 
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TABLE 2.8 
P a r t i c l e s i z e d i s t r i b u t i o n (% volume)of ore SA1/C120 w i t h g r i n d i n g time 
1% m/v sodium hexametaphosphate dispersant ( b o t t l e and bead method). 
Grinding time (hours) 
Size range (pm) 0 1 3 
up t o 2.52 7.5 19.1 32.2 
2.52 - 3.17 8.6 21.3 30.2 
3.17 - if.O 12.5 23.7 23.5 
if.O - 5.0if 12.3 18.9 10.if 
5.0if - 6.35 11.7 10.9 2.7 
6.35 - 8.0 10.6 if.O 0.39 
8.0 - 10.08 10.8 1.1 0 
10.08 - 12.7 8.5 0.2 0 
12.7 - 16.0 7.0 0.3 (0.5) 
16.0 - 20.16 if.7 0.2 0 
20.16 - 25.if 3.9 0.2 0 
25.if - 32.0 1.3 0 0 
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TABLE 2.9 
P a r t i c l e s i z e d i s t r i b u t i o n (% volume) of ore SA1/C120 a f t e r 1 hour 
g r i n d against c o n c e n t r a t i o n of various dispersants ( b o t t l e and bead 
method) 
Dispersant* NONE SHMP SHMP SHMP TXlOO TXlOO TSPP TSPP 
% m/v Dispersant 0 0.1 0.1 0.1 
Size range (^jm) 
up t o 2.52 19.9 18.8 19.1 15.6 20.3 13.5 19.8 19.4 
2.52 - 3.17 20.7 20.3 21.3 21,0 22.9 17.1 23.5 22.9 
3.17 - 4.0 23.3 24.0 23.7 24.3 21.5 21.6 23.8 23.6 
4.0 - 5.04 18.5 19.6 18.9 20.1 17.1 20.9 18.4 18.7 
5.04 - 6.35 11.4 11.5 10.9 12.4 11.1 15.6 10.0 10.7 
6.35 - 8.0 4.7 4.3 4.0 5.3 4.8 8.1 3.5 3.8 
8.0 - 10.08 1.3 1.3 1.1 1.4 1.9 2.8 0.7 0.7 
10.08 - 12.7 0.3 0.1 0.2 0 0.4 0.5 0.2 0.1 
12.7 - 16.0 0 0.2 0.3 0 0.1 0 0 0 
16.0 - 20.16 0 0 0.2 0 0 0 0 0 
20.16 - 25.4 0 0 0.2 0 0 0 0 0 
*SHMP, sodium hexametaphosphate, anionic s u r f a c t a n t 
TXlOO, T r i t o n XlOO, non-ionic s u r f a c t a n t 
TSPP, tetrasodium pyrophosphate, a n i o n i c s u r f a c t a n t 
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FIGURE 2.5 
By volume p a r t i c l e s i z e d i s t r i b u t i o n s of BP sulphide ore, J+L4 
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2.3.1.if. The microniser method 
Size r e d u c t i o n .and s l u r r y p r e p a r a t i o n , using the post Tema m i l l - g r o u n d 
ores has also been performed w i t h a McCrone mi c r o n i s i n g m i l l (if8,56,80, 
81,86) (McCrone Research Associates L t d , London, UK). The g r i n d i n g 
vessel c o n s i s t s of a 125 ml capacity polypropylene j a r f i t t e d w i t h a 
screw-capped polythene closure. The j a r i s packed w i t h an ordered 
array of i d e n t i c a l c y l i n d r i c a l g r i n d i n g elements made of agate 
(chromium s t a b i l i s e d alumina are also a v a i l a b l e ) . A s u i t a b l e q u a n t i t y 
of ore (0.1 -2 g) i s admitted to the j a r which contains 15 ml of a 
s o l u t i o n of s u r f a c t a n t e.g. 0.1% m/v sodium hexametaphosphate. A f t e r 
s e a l i n g , the j a r i s clamped i n the McCrone process timer and v i b r a t e d 
f o r a period necessary t o b r i n g the p a r t i c l e s i z e down t o the range 
required (10 to 30 minutes). The p a r t i c l e s i z e d i s t r i b u t i o n of the 
s l u r r i e d ore SA1/C120 w i t h g r i n d i n g time (Microniser w i t h agate 
elements) i s shown i n Table 2.1.0. For comparison the p a r t i c l e s i z e 
d i s t r i b u t i o n of the mineralised rocks KCla and MPla before and a f t e r 
g r i n d i n g f o r 30 minutes using the microniser are shown i n Table 2.11. 
2.if DISCUSSION AND CONCLUSIONS 
The g r i n d i n g media used i n a l l the comminution experiments were chosen 
f o r t h e i r p r o p e r t i e s of hardness, d u r a b i l i t y , g r i n d i n g e f f i c i e n c y and 
chemical composition. Tungsten carbide has a measure of hardness (MOH) 
of over 8.5, a high resistance to abrasion, i s long wearing and very 
e f f i c i e n t . The major elemental components are tungsten, carbon and 
c o b a l t (present as b i n d e r ) . Minor t o t r a c e i m p u r i t i e s present are 
tantalum, t i t a n i u m and niobium.Fused z i r c o n i a has a MOH of over 7.5, a 
r e s i s t a n c e t o abrasion not as high as tungsten carbide although s t i l l 
long wearing. The major c o n s t i t u e n t s (100) are zirconium, s i l i c o n (as 
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TABLE 2.10 
P a r t i c l e s i z e d i s t r i b u t i o n (% volume) of ore 5A1/C120 against g r i n d i n g 
time. 0.1% (m/v) sodium hexametaphosphate dispersant (microniser 
g r i n d i n g method w i t h r e s u l t s from b o t t l e and bead method f o r 
comjDarison). 
Microniser g r i n d i n g 
time (minutes) 
B o t t l e and bead method 
g r i n d i n g time (minutes) 
Size range (^ m) 0 10 30 30 240 
0.63 - 0.79 1.6 4.6 12.8 14.5 
0.79 - 1.0 2.3 6.5 14.2 18.2 
1.0 - 1.26 3.0 9.9 20.5 26.1 
1.26 - 1.58 3.9 10.7 21.1 24.0 
1.58 - 2.0 5.0 11.2 16.3 13.3 
2.0 - 2.52 5.3 10.2 8.3 13.0 3.4 
2.52 - 3.17 5.0 11.7 5.0 14.8 0.6 
3.17 - 4.0 5.9 11.6 1.8 20.2 0 
if.O - 5-.04 ' 6.0 10.3 0.4 19.9 
5.04 - 6.35 6.1 7.0 0 16.0 
6.35 - 8.0 6.7 3.9 9.5 
8.0 - 10.08 6.8 1.6 4.9 
10.08 - 12.7 7.2 0.5 1.3 
12.7 - 16.0 7.7 0.2 0.4 
16.0 - 20.16 7.3 0.2 0 
20.16 - 25.4 7.6 0.1 
25.4 - 32.0 6.4 0 
32.0 - 40.32 3.2 
40.32 - 50.8 2.4 
50.8 - 64.0 0.6 
64.0 _ 80.6 0 
^^ 3 
TABLE 2.11 
P a r t i c l e s i z e d i s t r i b u t i o n s (% volume) of mineralised ores KCla and MPla 
as received, a f t e r 30 minutes g r i n d i n g using the microniser method and 
a f t e r 4 hours using the b o t t l e and bead method (B+B). 0.196 m/v 
sodium hexametaphosphate dispersant 
SAMPLE 
KCla MPla 
As 30 minutes 4 hours As 30 minutes 4 ho 
received microniser B+B received microniser B+ 
Size range (pm) 
0.63 - 0.79 13.7 31.2 15.5 30.8 
0.79 - 1.0 13.7 21.3 15.5 22.3 
1.0 - 1.26 17.7 18.1 20.0 19.2 
1.26 - 1.58 17.2 10.7 18.5 12.1 
1.58 - 2.0 12.8 6.6 13,9 7.7 
2.0 - 2.52 6.3 7.3 3.0 5.5 7.8 4.0 
2.52 - 3.17 8.3 5.2 2.3 6.6 4.9 2.8 
3.17 - 4.0 12.8 2.4 1.5 10.1 2.8 1.1 
4.0 - 5.04 13.2 1.1 0.7 10.5 1.5 0.5 
5.04 - 6.35 13.4 1.0 0.6 11.3 0.1 0.3 
6.35 - 8.0 12.1 0.5 2.6 11.1 0 0 
8.0 - 10.08 12.3 1.8 2.1 12.8 
10.08 - 12.7 9.5 4.7 3.1 10.3 
12.7 - 16.0 5.6 1.6 0 8.8 
16.0 - 20.16 3.9 5.7 
20.16 - 25.4 0.9 4.8 
25.4 - 32.0 1.6 2.0 
32.0 - 40.32 0.2 1.5 
40.32 - 50.16 0.9 0 
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s i l i c a ) and n i c k e l . Minor t o t r a c e l e v e l s of aluminium, i r o n , 
t i t a n i u m , magnesium and boron are also present. Agate has a MOH of 7, 
a very high resistance t o abrasion and i s very long wearing. The major 
elemental component i s s i l i c o n (as s i l i c a ) w i t h minor i m p u r i t i e s of 
aluminium, sodium, i r o n , potassium, calcium and magnesium ( a l l normally 
less than 0.02%). 
I t can be seen from Figures 2.2 t o 2.4 t h a t the tungsten carbide Tema 
disc m i l l i s an e f f i c i e n t instrument t o use where a sample r e q u i r e s a 
f i r s t stage dry g r i n d t o allow r e p r e s e n t a t i v e sub-sampling f o r 
subsequent s l u r r y p r e p a r a t i o n . The s i z e r e d u c t i o n o f a s t a r t i n g sample 
from one of many m i l l i m e t r e s i n dimensions down t o less than 40 m^ i n a 
matter o f minutes i l l u s t r a t e s t h i s e f f i c i e n c y (two minute period f o r 
the ceramic polyboron n i t r i d e . Figure 2.4, and 10 minutes f o r the 
s i l i c e o u s sulphide ores, Figures 2.2 and 2.3) While contamination from 
the tungsten carbide chamber i s minimal i t i s possible t o u t i l i s e the 
c o a t i n g o f the w a l l s and g r i n d i n g elements, by the sample, as a s a c r i -
f i c i a l p r o t e c t i v e covering, i . e . the m a t e r i a l adhering t o the w a l l s and 
elements i s not used i n the a n a l y s i s . I t i s also o f note t h a t when 
good seals are present on the Tema chamber i t i s possible t o wet g r i n d 
samples. 
The r e s u l t from the ' b o t t l e and bead' method g r i n d i n g t r i a l s 
(Tables 2.3 t o 2.9) show t h a t : 
( i ) the p a r t i c l e s i z e of an ore decreases w i t h i n c r e a s i n g 
g r i n d i n g time; 
( i i ) the presence of a d i s p e r s i n g agent during g r i n d i n g does not 
s i g n i f i c a n t l y change the p a r t i c l e s i z e d i s t r i b u t i o n ; 
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( i i i ) a g r i n d i n g period of two to three hours i s necessary f o r the 
maximum p a r t i c l e s i z e t o be reduced t o 8 pm. 
The twp ores 3+L4 and SA1/C120 are hydrophylic and do not d i s p l a y the 
immediate e f f e c t o f f l o c c u l a t i o n i n the absence o f a d i s p e r s i n g agent. 
The presence of a s u r f a c t a n t does, however, s t a b i l i z e the suspension. 
With time the s l u r r y p a r t i c l e s s e t t l e 'hard' (agglomerate) which 
r e s u l t s i n a s h i f t of the d i s t r i b u t i o n towards a l a r g e r p a r t i c l e s i z e 
when redispersed (Table 2.12). The presence of 0.1% m/v sodium 
hexametaphosphate i n a s l u r r y hinders t h i s e f f e c t and up t o 5 day o l d 
s l u r r i e s can be redispersed (using u l t r a s o n i c s ) t o show l i t t l e or no 
change from the o r i g i n a l p a r t i c l e s i z e d i s t r i b u t i o n (Table 2.13). 
I t can be seen from the d i s t r i b u t i o n of the three hour ground polyboron 
n i t r i d e sample ( F i g u r e 2.4) t h a t t h i s harder, smooth m a t e r i a l was not 
as e f f i c i e n t l y ground as the ores and rocks i n the same time p e r i o d . 
An appreciable amount of m a t e r i a l above 8 }jm (24% by volume) s t i l l 
remained. I t might be expected t h a t a s u f f i c i e n t l y high c o l l i s i o n 
frequency between the sample o f polyboron n i t r i d e and a s u i t a b l e 
g r i n d i n g medium given a high enough momentum w i l l g r e a t l y improve the 
e f f i c i e n c y o f g r i n d i n g . Hence the use of tungsten carbide b a l l s i n a 
p l a s t i c container may overcome t h i s problem i n size r e d u c t i o n . 
The r e s u l t s from the microniser method (Tables 2.10 and 2.11) show t h i s 
technique t o be not only e f f i c i e n t f o r the size r e d u c t i o n o f ores and 
rocks ( g r e a t e r than 97% less than 8 ;jm i n a 10 minute g r i n d i n g period 
f o r SA1/C120) but also more e f f i c i e n t , on a time basis, than the b o t t l e 
and bead method (Tables 2.10 and 2.11). A four hour g r i n d i n g p e r i o d 
using the b o t t l e and bead method i s r e q u i r e d i n order t o show a f i n e r 
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d i s t r i b u t i o n than a 30 minute g r i n d i n g period using the microniser. 
For comparison McCurdy e t a l . (56) reduced a coal sample to a median 
p a r t i c l e diameter o f 5.7 i n a 10 minute period using the McCrone 
microniser. 
Table 2.13 also shows the p a r t i c l e s i z e d i s t r i b u t i o n of the month o l d 
micronised ore SA1/C120 a f t e r r e d i s p e r s i o n using u l t r a s o n i c s as p a r t of 
the s t a b i l i t y t e s t i n g programme. L i t t l e change has taken place i n t h i s 
time p e r i o d . 
I t i s of note t h a t there i s evidence to suggest the e f f i c i e n c y of the 
g r i n d i n g technique i s dependent upon the s l u r r y load, i . e . as the s o l i d 
load increases (0.1 up t o 2 g) the e f f i c i e n c y of the g r i n d i n g process 
decreases. Whilst t h i s i s not so marked i n the microniser method i t i s 
obvious when using the b o t t l e and bead method. This e f f e c t can be 
explained when the c o l l i s i o n frequency f o r a p a r t i c l e being ground i s 
considered. Knowing the r a t i o of g r i n d i n g beads t o sample and as not 
less than 10 g of beads i s employed, when the sample weight i s v a r i e d 
from 0.1 t o 1 g the r a t i o changes from 100 down t o 10, hence a 0.1 g 
sample i s ground more e f f i c i e n t l y than a 1 g sample. While contam-
i n a t i o n o f a ground sample by the g r i n d i n g elements can be gauged i f 
p r i o r compositional knowledge i s a v a i l a b l e f o r both, the extent t o 
which contamination has occured depends upon a number of f a c t o r s and 
req u i r e s an a n a l y t i c a l step f o r q u a n t i f i c a t i o n . This t o p i c i s 
considered i n Chapter 7 of t h i s t h e s i s . 
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TABLE 2.12 
P a r t i c l e s i z e d i s t r i b u t i o n s (% volume) o f ore SA1/C120 and s o i l SO-1 i n 
water (no dispers a n t ) a f t e r being ground using the b o t t l e and bead 
method and when redispersed a f t e r s t a t e d time period ( s t a b i l i t y t e s t s ) . 
SLURRY SAMPLE 
Size range (jjm) SA1/C120 SO-1 
1 hour o l d 3 weeks o l d 1 hour o l d 3 weeks 
% volume % volume 
0.63 - 0.79 1.9 0 30.6 29.0 
0.79 - 1.0 3.6 0.3 21.5 19.0 
1.0 - 1.26 11.2 3.1 19.if 17.0 
1.26 - 1.58 2if.8 8.6 13.7 10.2 
1.58 - 2.0 32.if 17.1 8.5 5.6 
2.0 - 2.52 18.8 23.3 3.2 3.0 
2.52 - 3.17 5.1 • 28.8 2.1 2.if 
3.17 - if.O 1.1 17.0 1.0 2.2 
if.O - 5.0 0 3.0 0 2.6 
5.0 - 6.35 0.3 3.if 
6.35 - 8.0 0 3.if 
8.0 -10.08 2.0 
if8 
TABLE 2.13 
P a r t i c l e s i z e d i s t r i b u t i o n s ( % volume) of ores SA1/C120 and 3+\.^• 
(dispersed i n 0^1 % m/v SHMP s o l u t i o n ) a f t e r being ground using 
the b o t t l e and bead and microniser methods and when redispersed 
a f t e r s t a t e d time period ( s t a b i l i t y t e s t s ) . 
B o t t l e and bead method Microniser method 
SA1/C120 SA1/C120 
Size range (pm) 1 hour 3 days 1 hour 5 days 1 hour 1 month 
o l d o l d o l d o l d o l d o l d 
up t o 2.52 37.0 36.9 25.9 24.6 21.0 18.9 
2.52 - 3.17 29.1 28.7 26.1 27.4 21.9 23.1 
3.17 - 4.0 19.4 19.6 23.5 23.9 21.9 25.1 
4.0 - 5.04 8.5 8.7 14.5 14.7 21.9 18.6 
5.0iv - 6.35 2.9 2.7 6.0 6.0 7.0 9.3 
6.35 - 8.0 0.6 0.9 1.5 1.6 3.9 3.0 
8.0 - 10.08 0.5 0.4 0.7 0.4 1.6 0.9 
10.08 - 12.7 0.5 0.6 0.4 0.3 0.5 0.6 





The most widely used method f o r t r a n s p o r t i n g an analyte t o a plasma i s 
as a s o l u t i o n aerosol. This i s formed by a n e b u l i s e r , c a r r i e d through 
a spray chamber by an argon gas flow and d i r e c t e d t o the c e n t r a l 
channel o f the plasma by an i n j e c t o r tube (as p a r t o f the t o r c h 
assembly). I t has been s t a t e d t h a t t h i s sample i n t r o d u c t i o n system i s 
the " A c h i l l e s ' heel" of atomic spectroscopy (89) and t h a t w i t h o u t a 
sound framework of fundamental knowledge concerning the phy s i c a l 
production and t r a n s f e r processes involved w i t h aerosols s u b s t a n t i a l 
improvements i n accuracy, p r e c i s i o n and d e t e c t i o n l i m i t s are u n l i k e l y 
t o be made. 
Several workers have measured the aerosol d r o p l e t s i z e having passed 
through the sample i n t r o d u c t i o n system (SIS) (55,86,96,101,102,103,10^) 
and d i s t r i b u t i o n s w i t h maxima i n the range 1 t o 10 pm are found f o r a 
v a r i e t y o f combined nebu l i s e r and spray chamber designs. I t i s evident 
from the l i t e r a t u r e t h a t each SIS produces a d i f f e r e n t aerosol d i s t r i b -
u t i o n which i s also dependent upon the gas and l i q u i d flow r a t e s used. 
Fewer'workers have studied the s i z e range of s l u r r y p a r t i c l e s t h a t e x i t 
from an i n j e c t o r tube of the SIS (55,68,82,83,86) but there i s evidence 
t h a t the bore size of the i n j e c t o r a f f e c t s the s o l i d s d i s t r i b u t i o n 
(82,86). Because simple s o l u t i o n s are used as standards f o r c a l i b -
r a t i o n i n the s l u r r y technique, i t i s obvious t h a t a sound framework of 
fundamental knowledge concerning the p h y s i c a l production and t r a n s f e r 
processes of s l u r r y aerosols i n the SIS i s also necessary. 
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3.2 THE SAMPLE INTRODUCTION SYSTEM (SIS) 
The sample i n t r o d u c t i o n system f o r the production and t r a n s p o r t a t i o n of 
l i q u i d aerosols comprises a n e b u l i s e r , spray chamber and i n j e c t o r . A 
v a r i e t y o f nebu l i s e r s are a v a i l a b l e , e.g. conc e n t r i c (105), cross flow 
(105), Dabington (105), f r i t (106), U l t r a s o n i c (107), and thermospray 
(108), and use of a p a r t i c u l a r design i s p r i m a r i l y determined by sample 
c o m p a t i b i l i t y (101). A review by Sharp (109) o u t l i n e s the a n a l y t i c a l 
p r o p e r t i e s of the above s e r i e s o f nebulisers as a guide f o r t h e i r use. 
The neb u l i s e r c r e d i t e d w i t h superior s a l t and p a r t i c l e t o l e r a n c e , w h i l e 
maintaining comparable powers of d e t e c t i o n t o those o f the conc e n t r i c 
and cross flow designs i s t h a t of the Babington design (105). Most 
workers w i t h s l u r r i e s use a modified Babington-type n e b u l i s e r o f the 
V-groove design (58, Figure 3.1) or modified cross flow n e b u l i s e r . As 
l i t t l e o r no v e n t u r i e f f e c t i s present a t the l i q u i d e x i t o r i f i c e , 
s o l u t i o n and s l u r r y samples are fed t o the nebu l i s e r s by a p e r i s t a l t i c 
pump. Homogeneity of the s l u r r y suspensions i s maintained by a 
magnetic s t i r r e r and bar ( o r , i f paramagnetic m a t e r i a l s are present or 
suspected, a top s t i r r e r can be used). 
While spray chamber designs are many and numerous ( 8 2 ) , commercially 
a v a i l a b l e chambers are fewer i n number. The most commonly used designs 
are the Scott-type double pass spray chamber (DPSC), Figure 3.6, the 
s i n g l e pass spray chamber (a c o n i c a l design w i t h o u t an impact bead i s 
shown i n Figure 3.9), and the cyclone or vortex spray chamber(58). The 
i n j e c t o r completes the sample i n t r o d u c t i o n system and i t s e l f comes i n a 
v a r i e t y of designs, e.g. s t r a i g h t , taper and j e t . 
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FIGURE 3.1 
Diagram of the Ebdon V-groove neb u l i s e r 
SAMRLE 
ARGHM 
^ 26 mm ^ 
1.2 mm 
4Q mm 
(D 0.2 mm 
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3.2.1. The Physical Processes w i t h i n the Sample I n t r o d u c t i o n Syst em 
While the reviews by Sharp discuss the primary aerosol formation (105) 
and the t r a n s p o r t process (109) i n d e t a i l , i t i s also o f i n t e r e s t t o 
consider the approaches taken by Browner e t a l . (110) and Gustavsson 
(111). Although not as rig o r o u s as Sharp, the equations used t o 
describe the aerosol loss processes i n the spray chamber allow order of 
magnitude c a l c u l a t i o n s t o be made w i t h respect t o p a r t i c l e s i z e . Many 
of the processes can be described mathematically when the system i s 
known t o be i n laminar or streamline flow (105). 
A gas f l o w i n g through a pipe i s said t o be i n laminar flow when the 
Reynolds number, R^ , i s less than 2000 (105) and the flow i s 
cha r a c t e r i s e d by viscous or shear f o r c e s . 
Pq Vg dp 
\ 
where Pg andV|g are the d e n s i t y and v i s c o s i t y of the gas, dp i s the pipe 
diameter and Vg the v e l o c i t y of the gas. P a r t i c l e Reynolds numbers R^p 
should be less than one ( p r e f e r a b l y below 0.2) f o r non-turbulent 
laminar f l o w c o n d i t i o n s t o be considered a t the g a s / l i q u i d drop 
i n t e r f a c e . For R^p c a l c u l a t i o n s the terms become: dp the p a r t i c l e 
diameter and Vp the p a r t i c l e v e l o c i t y ( r e l a t i v e ) , 
A schematic r e p r e s e n t a t i o n of the p a r t i c l e formation and loss processes 
f o r the sample i n t r o d u c t i o n system i s shown i n Figure 3.2. 
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FIGURE 3.2 
Schematic r e p r e s e n t a t i o n of the possible aerosol n o t i o n and loss 
•echanisms i n spray chambers. 
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3,2.2. Primary Aerosol Formation 
The primary aerJDSol i s produced by the n e b u l i s e r and i n the case of the 
Babington design i s a r e s u l t of a l i q u i d f i l m being ruptured and 
accelerated as i t spreads over a small (200 t o 300 pm) o r i f i c e through 
which gas i s . i s s u i n g a t high v e l o c i t y (200-300 m s " ^ ) . The aerosol as 
formed i s i n a t u r b u l e n t gas flow region and the mechanisms of d r o p l e t 
formation are not w e l l understood. An e m p i r i c a l approach t o the 
e s t i m a t i o n of the mean d r o p l e t diameter formed from a pneumatic 
nebuliser i s given by the Nukiyama-Tanasawa equation (110) shown i n 
equation 3.2. 
ds 585 f ^ T * ^ + 597 r d l ^ ' ^ ^ r lO-^Qil ^ '^  (3.2) 
V L P J L(<3P)"'^ J L Qg -
Where d^ i s the Sauter median (volume t o surface area r a t i o ) diameter 
(pm), V i s the v e l o c i t y d i f f e r e n c e between gas and l i q u i d flows t o the 
nebuliser (ms'-^),dls the surface tension of the l i q u i d (dyn cm"^), P 
the l i q u i d d e n s i t y (g cm"^), >\ the l i q u i d v i s c o s i t y (P) and Q^^ and Qg 
are the volume flow r a t e s of l i q u i d and gas (cm-^  s'-^) r e s p e c t i v e l y . 
Equation 3.2 was developed f o r the c o n c e n t r i c design n e b u l i s e r using 
subsonic gas v e l o c i t i e s and l i q u i d s o f surface tension 30 t o 73 dyn cm""^  
and v i s c o s i t y 1 t o 30 cP. At high gas v e l o c i t i e s (those encountered i n 
a n a l y t i c a l n e b u l i s e r s ) the f i r s t term i n the equation predominates. 
3.2.3 Aerosol M o d i f i c a t i o n and Loss Processes i n the Spray Chamber 
Containment of the primary aerosol w i t h i n a spray chamber r e s u l t s i n a 
m o d i f i c a t i o n of the aerosol p a r t i c l e s i z e d i s t r i b u t i o n . The process of 
secondary fragmentation by the i n c l u s i o n of an impact bead i n the 
chamber i s described by Sharp (109) but f o r s l u r r y work the bead i s 
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g e n e r a l l y omitted as fragmentation i s not p r e f e r r e d (unless a reduction 
o f the s o l v e n t load i s r e q u i r e d ) . 
A summary of the possible aerosol m o d i f i c a t i o n and loss processes 
occuring i n a spray chamber i s given i n Table 3.1. 
As p r e v i o u s l y s t a t e d , a lack o f knowledge of the l o c a l f i e l d gas flows 
w i t h i n a spray chamber means t h a t the degree of turbulence and hence 
p a r t i c l e p e n e t r a t i o n f a c t o r s are not known and c a l c u l a t i o n s based on 
t u r b u l e n t i m p a c t i o n / d i f f u s i o n losses are extremely t e n t a t i v e e.g. 
p a r t i c l e s above 5 t o 6 pm i n s i z e w i l l be removed i f a 60 pm t h i c k 
viscous sublayer e x i s t s next t o the spray chamber w a l l assuming a 
transverse f r i c t i o n f l o w o f 1 m s"^ (109). 
Under laminar flow c o n d i t i o n s a c e n t r i f u g a l motion, which i s present i n 
reverse flow chambers, imparted t o aerosol p a r t i c l e s r e s u l t s i n losses 
to a c e r t a i n p a r t i c l e s i z e (50% p e n e t r a t i o n ) , the r e l a t i o n s h i p of which 
i s given by equation 3.3 (112). 
dcsn = r_^JLWi (3.3) 50  T - L A i T 
2fTn ) 
where d^5Q i s the p a r t i c l e diameter, >\ and are the v i s c o s i t y and 
density o f the gas, the d e n s i t y of the aerosol l i q u i d , the i n l e t 
w i d t h , V| the i n l e t gas v e l o c i t y and n the number of r e v o l u t i o n s by the 
aerosol. For p a r t i c l e s obeying Stokes law, i . e . R^p < 1 or i f the 
p a r t i c l e number Kp < 3.3 (109,111), which i s given by 
Kp = d[g (PI-PQ)/ (3.4) 
where d i s the p a r t i c l e diameter, g the g r a v i t a t i o n a l a c c e l e r a t i o n , Pg 
and Pj^  the d e n s i t i e s of the gas and l i q u i d aerosol r e s p e c t i v e l y and Yv 
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TABLE 3.1 
A summary of the possible aerosol formation and l o s s processes 
occuring i n a spray chamber (SO 
P a r t i c l e Formation 
Process 
P a r t i c l e Size Range 
Involved 
Mechanism of Process 
Primary formation 
n e b u l i s e r 
Large, medium and small 
p a r t i c l e s formed 
Rupture of l i q u i d 




Large p a r t i c l e s formed 
Small p a r t i c l e s formed 
Small p a r t i c l e s formed 
Renebulisation 
P a r t i c l e bounce / 
necking 
Fragmentation 
Coagulation Large and small p a r t i c l e s 
form l a r g e r p a r t i c l e s 
D i f f u s i o n , v e l o c i t y 
and a c c e l e r a t i v e 
g r a d i e n t s . B i p o l a r 
e l e c t r i f i c a t i o n . 
P a r t i c l e l o s s process 
I n e r t i a l d e p o s i t i o n -
impact bead + SC end 
w a l l 
Large b a l l i s t i c and some 
medium sized p a r t i c l e s 
l o s t 
Flow l i n e 
i n t e r c e p t i o n 
SC side and end w a l l Medium and small sized 
p a r t i c l e s l o s t 
Turbulent and 
r e c i r c u l a t o r y 
d i f f u s i o n 
SC side w a l l s 
SC w a l l s 
Large p a r t i c l e s l o s t 
Large p a r t i c l e s l o s t 
C e n t r i f u g a t i o n 
G r a v i t a t i o n a l 
s e t t l i n g 
Evaporation Mainly small p a r t i c l e s 
decreasing c o n t r i b u t i o n 
as s i z e increases 
Surface f r e e energy 
of small p a r t i c l e s 
Note: Small p a r t i c l e s 1 /um and less 
Medium p a r t i c l e s 1 pm t o 20 pm 
Large p a r t i c l e s above 20 }im 
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i s the gas v i s c o s i t y , then the g r a v i t a t i o n a l s e t t l i n g diameter d j y f o r 
a p a r t i c l e t r a v e l l i n g , i n a gas, w i t h a r e l a t i v e v e l o c i t y V j ( t e r m i n a l 
v e l o c i t y ) i s given by equation 3.5 (110). 
djV = 18 n 11/2 (3.5) 'VT  1 ^ 
/ P p - P g ) g _ 
The 50% c u t - o f f diameter, d^5Q f o r a p a r t i c l e s e t t l i n g i n a tube of 
diameter D i s given by (110) 
^c50 = ^ r 1 (3.6) ry D "I 1 
where ^  i s the v i s c o s i t y of the gas, Pp i s the density of the aerosol 
p a r t i c l e , g the a c c e l e r a t i o n due t o g r a v i t y and t the residence time of 
the p a r t i c l e i n the tube. 
The p a r t i c l e stopping distance, 1^, under laminar flow c o n d i t i o n s i s 
Stokes dependent and respresents the distance required f o r a p a r t i c l e 
of diameter 2a t r a v e l l i n g a t v e l o c i t y Vp t o come t o r e s t when d i r e c t e d 
i n t o a s t a t i c gas layer (viscous sublayer a t spray chamber w a l l ) (109), 
I3 = 1 ^aJ^ 
where Pp i s the aerosol p a r t i c l e d e n s i t y , Yv the gas v i s c o s i t y and a the 
p a r t i c l e r a d i u s . 
3.3 THE MEASUREMENT OF SOLUTION AND SLURRY AEROSOLS 
So l u t i o n and s l u r r y aerosols can be measured by two d i f f e r e n t 
approaches : 
( i ) Non-intrusive methods such as la s e r d i f f r a c t i o n or s c a t t e r i n g , 
and 
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( i i ) i n t r u s i v e methods, such as cascade impaction, e l e c t r o s t a t i c 
p r e c i p i t a t i o n , g e l c o l l e c t i o n , s a l t c o l l e c t i o n and, i n the case 
of s l u r r i e s , f i l t r a t i o n and b o t t l e c o l l e c t i o n . 
S l u r r y aerosol p a r t i c l e s e x h i b i t many of the p h y s i c a l p r o p e r t i e s o f 
s o l u t i o n aerosols, i . e . they are e s s e n t i a l l y an aqueous (or l i q u i d ) 
envelope t r a n s p o r t i n g a mass under pneumatic c o n d i t i o n s , but d i f f e r 
from s o l u t i o n s i n t h a t the mass i s contained i n the s o l i d phase as 
small primary p a r t i c l e s . 
3,3.1 Non-Intrusive Laser Measuring Methods 
The measurement o f s o l u t i o n aerosols from a sample i n t r o d u c t i o n system 
(SIS) has been performed by l a s e r techniques f o r a number of years by 
several workers (55,56,86,96,101,109), although l i t t l e has been 
reported on the measurement of s l u r r y aerosols by t h i s technique ( 8 6 ) . 
Laser d i f f r a c t i o n methods are mainly based upon measurements of the 
forward d i f f r a c t e d l i g h t from a disperse suspension. The angle o f 
d i f f r a c t i o n i s i n v e r s e l y p r o p o r t i o n a l t o the p a r t i c l e s i z e and the 
i n t e n s i t y of the d i f f r a c t e d beam a t any angle i s a measure of the mean 
pro j e c t e d areas o f p a r t i c l e s of a s p e c i f i c s i z e . The theory i s given 
by Talbot (113). The Malvern instrument employed i n the experiments 
described i n s e c t i o n 3.4.1 i s e s s e n t i a l l y based on the above p r i n c i p l e 
and i s described by A l l e n ( 9 4 ) . I t i s of note t h a t the instrument, 
covers the p a r t i c l e s i z e range 2 t o 200 fjm, w i t h an estimate below 
1.2 pm based on a % mass d i s t r i b u t i o n . 
59 
The theory behind the Aerometrics phase Doppler s h i f t laser analyser, 
which was used i n the experiments described i n s e c t i o n 3,if.2, i s beyond 
the scope of t h i s chapter, but i s discussed i n a s e r i e s of papers the 
most recent o f which i s ( 1 1 ^ ) . The instrument uses a combination of 
p a r t i c l e s i z e i n t e r f e r o m e t r y and Doppler phase s h i f t velocimetry from a 
dual cross beam lase r analyser/detector system i n order t o c h a r a c t e r i s e 
aerosols i n the s i z e range 1 pm up t o 3mm and v e l o c i t i e s up t o 100 m s"^. 
The system allows the c o l l e c t i o n o f p o p u l a t i o n count data i n 50 
channels each covering 0.7A- ^ m width w i t h a lower range of 1 pm t o 37 m^. 
V e l o c i t y - p o p u l a t i o n , s i z e - p o p u l a t i o n and v e l o c i t y - s i z e d i s t r i b u t i o n s 
are a v a i l a b l e forms of data output. 
3.3,2 I n t r u s i v e Measuring Methods 
The i n t r u s i v e aerosol measuring techniques mentioned i n s e c t i o n 3.3 
have been used by a number of workers e.g. cascade impaction (102,103), 
e l e c t r o s t a t i c p r e c i p i t a t i o n (103), aerosol i n g e l c o l l e c t i o n (lO^f), 
s a l t p a r t i c l e c o l l e c t i o n (115), w i t h varying degrees of success. For 
s l u r r y aerosols the f i l t r a t i o n technique (68) and the aerosol t r a p or 
b o t t l e c o l l e c t i o n technique (82,83,86) have been used t o assess the 
si z e range o f the s o l i d p a r t i c l e s c a r r i e d by the aqueous envelope. 
The cascade impactor (Figure 3.3, reference 9^) used i n the experiments 
described i n s e c t i o n 3.5 was of the Andersen stack sampler design. The 
sampler contains nine j e t p l a t e s each having a p a t t e r n of p r e c i s i o n 
d r i l l e d o r i f i c e s . The nine p l a t e s , separated by 2.5 mm inconel 0 - r i n g 
spacers, d i v i d e the sample i n t o e i g h t f r a c t i o n s or p a r t i c l e s i z e 
ranges. The j e t s on each p l a t e are arranged i n co n c e n t r i c c i r c l e s 
which are o f f s e t on each succeeding p l a t e . The size of the o r i f i c e s i s 
the same on a given p l a t e but i s smaller f o r each succeeding downstream 
60 
FIGURE 3.3 







p l a t e . Therefore, as the sample i s drawn through the sampler a t a 
constant flow r a t e the Jets of gas f l o w i n g through any p a r t i c u l a r p l a t e 
d i r e c t the p a r t i c u l a t e s toward the c o l l e c t i o n area on the downstream 
p l a t e d i r e c t l y below the c i r c l e s of j e t s on the p l a t e above. Since the 
j e t diameters decrease from p l a t e t o p l a t e the v e l o c i t i e s increase such 
t h a t whenever the v e l o c i t y imparted t o a p a r t i c l e i s s u f f i c i e n t l y great 
i t s i n e r t i a w i l l overcome the aerodynamic drag of the t u r n i n g a i r s t r e a m 
and the p a r t i c l e w i l l be impacted on the c o l l e c t i o n surface. Other-
wise, the p a r t i c l e remains i n the a i r s t r e a m and proceeds to the next 
p l a t e . Since the p a r t i c l e deposit areas are d i r e c t l y below the j e t s , 
seven of the p l a t e s act as both j e t stage and c o l l e c t i o n p l a t e . Thus, 
the f i r s t p l a t e i s only a j e t stage and the l a s t p l a t e i s only a 
c o l l e c t i o n p l a t e . C a l i b r a t i o n of the sampler i s referenced t o u n i t 
density ( 1 g cm"^) s p h e r i c a l p a r t i c l e s so t h a t the aerodynamically 
eq u i v a l e n t sized p a r t i c l e s c o l l e c t e d on each stage are always i d e n t i c a l 
f o r any given flow range. For t h i s reason a sample c o n t a i n i n g a 
mixture of shapes and d e n s i t i e s i s f r a c t i o n a t e d and c o l l e c t e d according 
t o i t s aerodynamic c h a r a c t e r i s t i c s and i s aerodynamically equ i v a l e n t i n 
s i z e t o the u n i t d e n s i t y spheres c o l l e c t e d on each s p e c i f i c stage 
during c a l i b r a t i o n . 
Aerosols are drawn i n t o the stack sampler by means of a vacuum l i n e 
which i s connected t o the o u t l e t of the impactor stack. The draw i s 
set and metered i n order t o i s o k i n e t i c a l l y sample the aerosol i . e . to 
match the v e l o c i t y o f the a i r being drawn a t the i n l e t nozzle w i t h the 
gas c a r r y i n g the aerosol. For a gas i s s u i n g from an i n j e c t o r of 
diameter d^ ^ a t a flow r a t e the v e l o c i t y matching flow r a t e f o r the 
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cascade impactor w i t h an i n l e t nozzle o f diameter d^ i s given by 
equation 3.8. 
Qc = Qi / (3.8) 
C a l i b r a t i o n t a b l e s supplied w i t h the impactor allow the p a r t i c l e s i z e 
f r a c t i o n c o l l e c t e d on each c o l l e c t i o n p l a t e t o be c a l c u l a t e d f o r a 
s p e c i f i c flow r a t e Q^ . 
The b o t t l e c o l l e c t i o n technique, used i n the experiments described i n 
sec t i o n 3.5, i s based upon the c h a n n e l l i n g of aerosol s l u r r y p a r t i c l e s 
i n t o a small b o t t l e c o n t a i n i n g a small q u a n t i t y of an aqueous s o l u t i o n 
of 0.1% m/v SHMP t o maintain d i s p e r s i o n o f the s o l i d s l u r r y p a r t i c l e s 
c o l l e c t e d . P a r t i c l e s i z i n g i s then performed, f o r example by a Coulter 
Counter. 
3.4 THE MEASUREMENT OF AEROSOL DROPLET SIZE USING NON-INTRUSIVE LASER 
TECHNIQUES 
Two l a s e r i n s t r u m e n t a l techniques were used t o study aerosol s i z e 
d i s t r i b u t i o n s from s o l u t i o n s and s l u r r i e s a t s p e c i f i c p o i n t s along the 
nebuli s e r t o i n j e c t o r assembly, A p r e l i m i n a r y i n v e s t i g a t i o n was 
performed using a Malvern 2600/3600 p a r t i c l e s i z e r VA2 (Malvern 
Instruments L t d . , Spring Lane, Malvern, England) and an in-depth study 
using an Aerometrics phase/Doppler spray analyser (Aerometrics I n c . , 
PO Box 308, Mountain View, C a l i f o r n i a , U.S.A.). 
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3.4.1 Aerosol D i s t r i b u t i o n s Measured by a Malvern 2600/3600 VA2 
3.4.1.1 Experimental 
Solutions of 0.1% m/v sodium hexametaphosphate (SHMP) and 1 % m/v 
s l u r r i e s of the ground ore 3+L4 (dispersed i n 0,1% m/v SHMP) were 
pumped a t a flow r a t e of 0.8 ml min"-*- t o an Ebdon h i g h - s o l i d s V-groove 
PTFE nebul i s e r (PS A n a l y t i c a l , Sevenoaks, Kent, U.K.) o f the design 
shown i n Figure 3.1. The gas o r i f i c e of the model used was 300 pm 
diameter. The p a r t i c l e s i z e d i s t r i b u t i o n of the s t a r t i n g s l u r r y , 
ground by the microniser method, i s shown i n Figure 3,4. The aerosols 
produced a t an argon flow r a t e o f 1.5 1 min"^ were d i r e c t e d across the 
He/Ne l a s e r beam and close t o the 63 mm f o c a l plane lens f i t t e d t o the 
Malvern analyser. Aerosols were measured some 20 mm from the face of 
th e n e b u l i s e r ( i n t o s t i l l a i r ) and the r e s u l t s are shown i n Figure 3.5. 
So l u t i o n and s l u r r y aerosols were also measured a t the 4.5 mm e x i t of a 
Scott type double pass spray chamber (DPSC, ex Polyvac ElOOO design, 
H i l g e r A n a l y t i c a l , Margate, Kent, U.K.), the design o f which i s shown 
i n Figure 3.6. The model independent method o f c a l c u l a t i n g the aeros o l 
d i s t r i b u t i o n was selected from the Malvern instrument as t h i s i s most 
appropriate f o r multi-modal systems and aerosols which contain a l a r g e 
percentage of f i n e s . 
3.4.1.2 Results and Discussi on 
The p a r t i c l e s i z e d i s t r i b u t i o n s (% mass i n band against p a r t i c l e s i z e ) 
of aerosols from the nebu l i s e r alone (Figure 3.5) covered the s i z e 
range 1.5 t o 55 jjm w i t h peaks (modes) a t 10-13 pm and 18-23 pm. This 
range i s comparable t o t h a t produced by a concentric glass n e b u l i s e r 
(101,105) and a V-groove neb u l i s e r of i d e n t i c a l design (96) but i s 
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FIGURE 3.4 
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By weight a e r o s o l d i s t r i b u t i o n (Malvern) of a 0.1% m/V sodium 
hexametaphosphate s o l u t i o n produced by an Ebdon nebuliser at 1.5 1 
min"-^ argon gas flow r a t e measured 20mm from gas o r i f i c e . 
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s l i g h t l y l a r g e r than t h a t found f o r a conespray neb u l i s e r (105). A 
d i r e c t and c r i t i c a l comparison w i t h aerosol d i s t r i b u t i o n s from the 
l i t e r a t u r e i s , however, d i f f i c u l t because the design o f the ne b u l i s e r 
e.g. c o n c e n t r i c , Babington, V-groove, crossflow, gas o r i f i c e s i z e , e t c . 
and i t s operating c o n d i t i o n s , i . e . gas back pressure, gas fl o w r a t e , 
l i q u i d flow r a t e , gas type, together w i t h the p r o p e r t i e s of the solvent 
used, i . e . v i s c o s i t y , vapour pressure, surface t e n s i o n , d e n s i t y , a l l 
i n f l u e n c e the mechanisms in v o l v e d w i t h aerosol production (105). 
The p a r t i c l e s i z e d i s t r i b u t i o n of the s o l u t i o n aerosol measured a t the 
e x i t of the double pass spray chamber (OPSC, Figure 3.7) shows t h a t the 
spray chamber f i l t e r s out the l a r g e s i z e f r a c t i o n and modifies the 
d i s t r i b u t i o n by the processes o u t l i n e d i n s e c t i o n 3.2. The range of 
p a r t i c l e s i z e has been reduced t o 2 t o 23 p m w i t h peaks at 2.5-3.9 pm 
and 5-8 pm. The diameter of the e x i t o r i f i c e of the DPSC was ^ .5 mm. 
The aerosol d i s t r i b u t i o n i s very s i m i l a r t o t h a t obtained by Norman 
(96) from s o l u t i o n aerosols e x i t i n g from a mm i n j e c t o r / S c o t t type 
DPSC system measured using a Malvern 3300 l a s e r p a r t i c l e s i z e 
instrument. 
A comparison of the aerosol d i s t r i b u t i o n s produced from s l u r r i e s and 
s o l u t i o n s (Figure 3,7) shows no s i g n i f i c a n t d i f f e r e n c e . This i n d i c a t e s 
t h a t the processes which form and modify the aerosol i n the ne b u l i s e r / 
OPSC system are the same f o r both under the c o n d i t i o n s used. U n f o r t -
u n a t e l y , no i n f o r m a t i o n concerning the magnitude of these processes 
(e.g. from p a r t i c l e d e n s i t y number, p a r t i c l e volume flow and f l u x ) i s 
a v a i l a b l e from the Malvern instrument. A more important f a c t however 
i s the l i m i t i n g range of the Malvern instrument as pre v i o u s l y s t a t e d . 
While i n f o r m a t i o n i s given down t o 1.2 jjm together w i t h an i n d i c a t i o n 
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a t t h i s s i z e are not q u a n t i t a t i v e f o r c e r t a i n types of laser 
instrument. D i f f r a c t i o n e f f e c t s from p a r t i c l e s below 2 to 3 jjm r e q u i r e 
c o r r e c t i o n f a c t o r s as the p a r t i c l e s i z e approaches t h a t of the 
wavelength o f the measuring r a d i a t i o n (0.63 fjm f o r a He/Ne gas lase r as 
used i n the Malvern i n s t r u m e n t ) . Hence a t a i l - o f f i n response i s noted 
a t the f i n e r end of a d i s t r i b u t i o n (< 3 /jm) as the d i f f r a c t i o n 
measurement passes from the near-forward angle Fraunhoffer d i f f r a c t i o n 
range t o the c o l l i g a t i v e s c a t t e r i n g dependency o f the Mie range. The 
presence of u l t r a - f i n e p a r t i c l e s (dp-^-Ane/Ne^ r e s u l t i n spuriae 
(angular dependence,<Tdp/<^intensity) which may be detected and lead 
t o anomalous r e s u l t s . Because the data presented i s normalised i t i s 
noted t h a t the c o n t r i b u t i o n from the f i n e s i s t h e r e f o r e shown i n a 
degraded form which a l t e r s the o v e r a l l d i s t r i b u t i o n . This e f f e c t i s 
compounded by the presentation o f the data as % volume or mass (Malvern 
gives % mass) which weights the d i s t r i b u t i o n towards the l a r g e r 
p a r t i c l e sizes and loses the c o n t r i b u t i o n from the f i n e s . The 
measurement of a n a l y t i c a l aerosols using techniques t h a t are responsive 
to the region below 3 fjm (cascade impactor (102,103); Mie s c a t t e r i n g 
( 1 0 ^ ) ; e l e c t r i c a l analyser (103)) show a s i g n i f i c a n t c o n t r i b u t i o n from 
f i n e p a r t i c l e s . Aerosol measurement was t h e r e f o r e continued using an 
instrument t h a t i s r e p r e s e n t a t i v e l y responsive t o p a r t i c l e s down t o 1 pm. 
3.^.2 Aerosol D i s t r i b u t i o n Measured by an Aerometrics Phase/Doppler Spray 
Analyser, 
3.^.2.1 Experimental and Results 
Solutions of 0.1% m/v sodium hexametaphosphate (SHMP) and 1% m/v 
s l u r r i e s (dispersed i n 0,1% SHMP) of the ground ore SA1/C120 were 
pumped at a l i q u i d f l o w r a t e of 0.8 ml min'^ t o an Ebdon V-groove 
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nebuliser made of Kel-F (PS A n a l y t i c a l , Sevenoaks, Kent, U.K.) to the 
design shown i n Figure 3.1, The gas o r i f i c e s i z e was 210 pm. The 
p a r t i c l e s i z e d i s t r i b u t i o n of the s t a r t i n g s l u r r y (ground by the 
microniser method) i s shown i n Figure 3.8. Aerosol frequency d i s t -
r i b u t i o n s were measured a t argon gas flow r a t e s of 0.5 1 min"-*- up to 
1.5 1 min"^ a t various p o s i t i o n s i n the sample i n t r o d u c t i o n assembly 
f o r two systems.(i) A s i n g l e pass spray chamber and ( i i ) a double pass 
spray chamber, both w i t h 2 and 3 mm bore i n j e c t o r s . 
The s i n g l e pass spray chamber (SPSC) shown i n Figure 3.9 was of the ARL 
c o n i c a l design (ARL, Crawley, Sussex, U.K.) w i t h o u t an impact bead. 
The DPSC was of the design shown i n Figure 3.6. The experiments under-
taken f o r the measurement of aqueous aerosols are l i s t e d i n Tables 3.2 
and 3.3. 
Non-aqueous aerosol p a r t i c l e sizes were also measured. This was p a r t 
of an exercise t o e l u c i d a t e the cause of p o s i t i v e i n t e r f e r e n c e on the 
plasma emission s i g n a l of s i l i c o n present as a l i p o p h i l i c s u r f a c t a n t i n 
an organic solvent (White S p l r i t / x y l e n e , 1:1 v / v ) . One possible cause 
was considered t o be the sample i n t r o d u c t i o n system w i t h the possib-
i l i t y t h a t the s u r f a c t a n t was modifying the aerosol s i z e d i s t r i b u t i o n 
compared w i t h standard s o l u t i o n s . To t e s t t h i s theory, the s i z e 
d i s t r i b u t i o n of organic l i q u i d aerosols were measured as emitted from a 
2mm injector/DPSC system. A gas flow r a t e of 0.8 1 min"-*- and sample 
flow r a t e of 0.8 ml min"-*- were employed w i t h samples of white s p i r i t / 
xylene (1:1 v/v) w i t h o u t and w i t h the s u r f a c t a n t (100 fjg ml*-*-) and 
a f t e r d i l u t i o n (1/250) of the s u r f a c t a n t - c o n t a i n i n g sample w i t h 1:1 
white s p i r i t / x y l e n e mixture. Table 3,^ l i s t s the experiments performed 




By volume p a r t i c l e s i z e d i s t r i b u t i o n of the BP s u l p h i d e ore 
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As p r e v i o u s l y s t a t e d , the size data output of the l a s e r phase Doppler 
spray analyser i s presented as a population frequency versus siz e 
d i s t r i b u t i o n . The c o n t r i b u t i o n from the f i n e p a r t i c l e s can t h e r e f o r e 
be viewed together w i t h the bulk of the d i s t r i b u t i o n . The frequency 
d i s t r i b u t i o n s (counts vs s i z e ) f o r a l l the experiments are shown i n 
Figures 3.10 to 3,16 and are cross referenced t o Tables 3.2 to 3.^. 
C r i t i c a l p o pulation data from the d i s t r i b u t i o n s i s given i n Tables 3.5, 
3.7 and 3.9. 
While a population d i s t r i b u t i o n can i n d i c a t e what i s occuring mechan-
i s t i c a l l y t o an aerosol i n t r a n s p o r t terms under c e r t a i n c o n d i t i o n s , i t 
i s noted t h a t the i n t e n s i t y of an emission s i g n a l from an analyte i n 
the c e n t r a l channel of a plasma i s dependent upon the mass t r a n s p o r t e d . 
For monodensitic aerosols ( s o l u t i o n s ) the mass tra n s p o r t e d , per u n i t 
aerosol s i z e band, i s d i r e c t l y p r o p o r t i o n a l t o the volume transported 
(mass = d e n s i t y x volume) and when expressed as a percentage (% volume 
i n s i z e band) w i l l give the same d i s t r i b u t i o n . The theory f o r t r a n s -
formation of frequency data t o other forms of d i s t r i b u t i o n (% surface, 
volume, mass, e t c . ) can be found i n A l l e n ( 9 4 ) . Both t a b u l a r and 
g r a p h i c a l data of % volume versus p a r t i c l e s i z e were c a l c u l a t e d from 
the population frequency d i s t r i b u t i o n s (experiments 1 t o 46) using an 
in-house w r i t t e n computer programme (Appendix 1 ) . These r e s u l t s are 
shown i n Figures 3.17 t o 3.35 and Tables 3.6, 3.8 and 3.10 and are 
cross referenced i n Tables 3.2 t o 3.4. The Aerometrics analyser also 
gives i n f o r m a t i o n on the aerosol p a r t i c l e d e n s i t y (Number of p a r t i c l e s 
per cm^), volume f l u x (cm^ per second per cm^) and mean p a r t i c l e 
v e l o c i t y (metres per second) of the aerosols measured. This a f f e c t s a 
s e m i - q u a n t i t a t i v e measure of the loss processes i n the sample i n t r o -
d u c tion system. These r e s u l t s are shown i n Tables 3.6, 3.8 and 3.10. 
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TABLE 3.2 
Toblo o f EKporlmonta Uaod i n tho Mcoauremont o f Aoros o l t i from V a r i o u s Sample I n t r o d u c t i o n S y s t e m s . ( I ) H o b u l i o o r und 
S i n g l o Paaa Spray Chamber (SPSCI. 2mm and 3mm i n j o c t e r f l . ^ 
Exporimont 
NO. 




Housuromont P o s i t i o n P a r t i c l o S i z e D i s t r i b u t i o n Piguroo 
Rato ^ 
1 min 
P o p u l a t i o n % Volume 
1 H o b u l i s o r 
Alono 
Hater 0.75 5mm from face Pig. 3.10 (a) Pig.3.17(a) 
2 0.1% SHHP**' 0.75 5mm from face (b) <b) Pig.3.2S(a) 
3 0.11 SKHP 1.5 5mm from face (c) (c) (b) 
4 0.11 SHMP 0. 75 20im from face (d) Pig. 3. IS (a) 
5 11 S l u r r y * ' ' 0.75 20mm from face (e) (b) 







132mm from fuco 





9 Ne b u l i s o r 
und SPSC 
0.11 SHKP 0.75 At E x i t o f *ata Dia. Fig.3.U(a) 
Pig.3.12(a) 
Pig.3.19(c) Pig.3.24(a) 
10 As dbovo 
w i t h 2inm 
I n j e c t o r 
0. 11 SHHP 1.5 T i p of I n j e c t o r E x i t Flg.3.U(b) Pig. 3.20 (a) Pig. 3.21 (a) 
11 - 11 s l u r r y 1.5 T i p o f I n j e c t o r E x i t (c) (b) 
12 O . l t SHKP 1. 1 T i p o f I n j e c t o r E x i t (dj Pig. 3.20(b) 
13 0.11 SHHP 0.75 T i p o f I n j e c t o r E x i t (Q) (c) Pig. 3.21(c) Pig.3.24(b) 
14 11 s l u r r y 0.75 T i p o f I n j e c t o r E x i t <f) (d) 
15 0.11 SHMP 0.5 T i p of I n j e c t o r E x i t (q) Pig.3.20(d) 
16 As abovQ 
w i t h 3mm 
I n j e c t o r 
0. 11 SHHP 1.5 T i p of I n j e c t o r E x i t Ptg.3.12(b) Pig.3.22(a) Pig.3.23(a) 
17 11 s l u r r y 1.5 T i p o f I n j e c t o r E x i t (c) (b) 
18 0.11 SHHP 1. 1 T i p o f I n j e c t o r E x i t (d) Pig.3.22(b) 
19 0.11 SKHP 0.75 T i p o f I n j e c t o r E x i t (0) (c) Fig.3.23(c) Pig.3.24(c) 
20 11 s l u r r y 0.75 T i p o f I n j e c t o r E x i t (f) (d) 
21 0. I t SKHP 0.5 T i p of I n j e c t o r E x i t ig) Pig.3.22(d) 
(USHMP = aodium hoxamecuphoaphato s o l u t i o n ( O . l I m/V] 
( 2 ) 5 1 u r i y a» In-houso s u l p h i d e ore d i o p o i a o d i n SIIHP s o l u t i o n 
TABLE 3.3 
Tublo o f exporimonto uood i n t h o HousuicmonC of Aorosolo from Vurlouo SumplQ I n t c o d u c t i o n Systoms ( I I ) Doublo Puoa 
Stintplo Ctio Modouromont P o o i t i o n P o t t i c l o SIzo D l o t r i b u c i o n f i g u r e s E x p o r i m o n t A o r o s o l 
No. Housurcmont Plow 
Rdto Populacion % Volumo 
ON 
23 
N o b u l i s o r 
w i t h Inner 
pass 
0. 1% SHMP 
O.l* SHHP 
( 1) 0.75 
1.5 
E x i t from 15mm Olu. 
in n e r ?aaa of U2mm 
l e n g t h 
Fi)g.3.13{o) Pig.3.26(a) Pig.3.25(cl 
lb) (b) (d) 
24 K e b u l i o o r O . l t SHMP 0. ,75 Exi L o f 4 . 5mni Dlu. (c) ng.3.2C(c) Pig.3.27(a) Pig.3.29(a) Pig. 3.33(d) 
w i t h DPSC 
( i ) 
11 S l u r r y 25 0. .75 (d) Cb) 
26 0.11 SHMP I . .5 (o) Pig. 3.26(d) (C) Pig.3.29(c) Fig.3.33(c) 
27 11 S l u r r y 1 .5 (f) (d) 
28 As Above O . l t SHHP I , .5 T i p o f I n j e c t o r Exit. Pig.3.14(a) Pig. 3.28(0) Pig.3.30(a) Pig.3.29(d) 
w i t h 2mm 
i n j e c t o r 
\\ S l u r r y 
0.1% SHHP 
I I S l u r r y 
O . l t SHHP 











(e) Fiq.3.28(c) Plg.3.30(c) Flg.3.29(b) Fig.3.35(c) 
(f) (d) 
(g) Fig.3.28(d) 
35 As Above 
w i t h 3mm 
i n j e c t o r 
0.1% SHHP 1.5 T i p o f I n j e c t o r E x i t Fig.3U5(a) Pig.3.31(a) Pig.3.32(a) Pig.3.33(a) 
36 I t S l u r r y 1.5 (b) (b) 
37 O . l t SHMP 1.1 (c) Pig. 3.31(b) 
3S O . l t SHMP 0.75 (d) (c) Fig.3.33(b) 
39 O . l t SHHP 0.5 (o) Pig. 3.31(d) 
40 As Above 
w i t h 3min 
i n j e c t o r 
1% S l u r r y 0.73 (f) Pig.3.32(d) 
41 0.1% SHNP - 0.75 <g) (c) 
42 As Above 
w i t h 3mm 
i n i c c t o r 
0. 11 SHMP l.S T i p of 
but ( j t 
3mm I n j e c t o r 
odgo of atrodm 
Fig.3.35(d) 
( 1 ) SKMP • sodium hcxunottiphosphato s o l u t i o n ( O . l t m/V) 
(2) S l u r r y • In-houBc s u l p h i d e o r e d i n p o r s o d i n SHMP s o l u t i o n . 
TABLE 3. if 
T a b l e o f e x p e r i m e n t s used i n t h e measurement o f o r g a n i c l i q u i d a e r o s o l s f r o m v a r i o u s sampie 
i n t r o d u c t i o n s y s t e m s ( I I I ) D o u b l e pass s p r a y chamber, 2 mm I n j e c t o r 
E x p t A e r o s o l Sample 
no. measurement 
Gas f l o w 
r a t e 
1 m i n -1 
Measuremen t 
pos i t i o n 
P a r t i c l e s i z e 
d i s t r i b u t i o n 
f i g u r e s 
P o p u l a t i o n %Volume 
k 3 N e b u l i s e r 
w i t h DPSC 
4^ and 2mm 
i n j e c t o r 
32 
W h i t e s p i r i t 0,8 T i p o f 2mm 
i n j e c t o r 
Wt s p t / x y l e n e 0.8 e x i t 
1 :1 v/v ^ 
Above+lOOpg ml 0.8 
o f s u r f a c t a n t 
1/250 D i l u t i o n 0,8 
o f above 
0 . 1 % SHMP ( 1 ) 0.75 
i n w a t e r 
f i g . 3. 1 6 ( a ) f i g . 3 . 3 i f ( a ) P i g . 3. 3 5 ( a ) 
( b ) 
( c ) 
( d ) 
( e ) 
( b ) 
( c ) 
( d ) 
( b ) 
f i g . 3 . 3 5 ( c ) 
( 1 ) SHMP = sodium h e x a m e t a p h o s p h a t e s o l u t i o n 
TABLE 3.5 
CD 
E x p o r i m o n t A o r o s o i Sampio Ga s Pop. Mean D i s t r i b . i s t r i b . " 4 Pop i t : H u t i o ot P o p u l a t i o n 
No. Hoasurcmont Plow D i a m o t o r Rango Hodo u t 1.l^m to Mode 
R a t e J pm pm pin 1.1 1.81 2 .55 ao t 
X mxn 
1 N o b u l l s o r Water 0 75 9.0 1.1-17 7 .0 2. 1 2.3 2 .4 28 
a l o n o Smm * ^  ^  
2 0.1% SHMP*^* 0 75 9.7 1.1-18 8 .5 1.6 l . S 2 .4 24 
3 0.1% SHHP 1 5 8.8 1.1-16 9 .2 3,9 2.8 3 .3 51 
4 N o b u l i a o r 0 . I t SHHP 0 75 8.3 1. 1-16 7 .0 1.9 1.9 3 . 3 22 
a l o n o 20mm 
5 I t S l u r r y 0 75 8.4 1. 1-16 7 .4 1.6 2.1 2 .7 19 
6 0.1% SHMP 1 5 7.5 1. 1-16 5 .5 2.4 2.0 3 .7 30 
7 N c b u l i s o r O . l t SHMP 0 75 8.9 1.1-19 7. 0 0.5 0.9 2 .1 6 -
a l o n o 132mm 
8 0.1% SHMP 1 5 6.8 1. 1-17 6 3 1.8 2.6 3 .9 18 
9 N c b u l i o c r t O . l t SHHP 0 75 13.7 1. 1-19; 9 2 3.9 4 .4 ( 4 6 ) ( 3 ) 
SPSC E x i t 22-50 
10 Abovo t 2mm 0 . I t SHMP 1 5 6.3 1.1-12.5 6 3 3.6 4.8 5 .2 35 
I n j e c t o r 
11 I t S l u r r y 1 5 5.9 1. 1-12.2 5 5 4.9 6.4 5 .4 39 
12 O . l t SHHP 1 1 7.5 1. 1-14 7 7 1.4 2.8 2 .7 13 
13 O . l t SHHP 0 75 8.7 1.1-16.6 7 7-10 0.8 0.5 I 4 8 
14 I t S l u r r y 0 75 8.3 1. 1-16 B 5 1.0 1.1 1 8 9 
15 0. I t SHHP 0 5 8.4 1. 1 - l B 9 2 0.6 1.2 1 1 6.5 
16 Above * 3mm 0. I t SHHP 1. 5 8.3 1.1-15 7 7 { - 9 . 3 ) 1.2 1.1 2 0 12 
I n j e c t o r 
17 I t S l u r r y 1 5 8.0 1.1-15.5 9 2 ( - 7 . 7 ) 0.9 1.6 2 7 9.6 
18 O . l t SHHP 1. 1 8.8 1.1-16 7 7 2.2 2.1 2 3 25 
19 0. 1% SHHP 0 75 8.3 1. 1-16 7 and 9.2 1.9 2. 1 2 8 23 
20 I t S l u r r y 0 75 9.2 1.1-16 8 5 0.9 1.3 1 2 10 
21 0. 1% SHHP 0 5 8.6 1.1-16 7 7und 9.2 1.4 1.6 0 7 16 
( 1 ) = D i s t a n c e m eaouied from f a c e o f n c b u l i a e i 
( 2 ) = SHHP • Sodium h c x a m o t a p h o s p h a t c s o l u t i o n ( 3 ) Measured a t I.6pm 
TABLE 3.6 


















d( 2 ) 
Rang« 
pm 
d ( l } d ( 2 ) 
Number 









V o l o c i l y 
/ma-" 
1 NobuUaor ( 2 ) 
alone 5min 
Water 0.75 13.2 14 29-32 4-18.5 18.5-37 15.4 30. 3 9.3 
2 0.11 SHMp'* * 0.75 13.5 1U.8 26-31 4-20.7 20-37 16.4 31 6.6 
3 0.U SHMP 1.5 11.5 12.5-15.5 24-30 4-20.5 20-31 7.5 13.7 34.4 
4 NobuliBOr (2) 
aJono 20nvn 
0.11 SHMP 0.75 10.8 11.1-14 23-28 3.5-20.7 21-33 16 15 8.4 
11 S l u r r y 0.75 11.3 (11.8)14 25.9 3.5-20.3 20-33 14.4 15.7 6.5 
6 0 . I t SHMP 1.5 9.6 11 .8(15.5) 25 3-20.7 20-27 21 11.2 20.6 
7 Nobul i a o r (2) 
alono 132inm 
O . l t SKHP 0.75 12.4 14.8 25.7 4.5-20 20-36 4.0 9.6 3.5 
8 O.U SHHP 1.5 9.5 12.5 25-26 3-19 19-35 7.2 6.8 5.3 
9 Nobuli a o r * 
SPSC B x l t 
O.U SHHP 0.75 20.6 14. 1 37 5-20.6 20-52 9.7 127 1.2 
10 Above * 
2cnrn I n j e c t o r 
0.11 SHHP 1.5 7.7 8.1-9.6 < 14.8} 2.1-17.7 3.5 2.0 6.6 
11 I t S l u r r y 1.5 7.3 7.3-9.6 ( 14.8) 2.0-16 --" 3.5 1.5 6.7 
12 0.11 SHMP 1.1 9.0 10.3 ( 13.3) 2.9-17.7 (29-31) 3.7 3.2 5.2 
13 O . l t SHHP 0.75 10.2 11.1 (21-26) 4.0-19.9 (20-27) 3.6 4.4 3.6 
14 I t S l u r r y 0.75 9.9 11.8 ( 14.8) 3.7-21 121-26) 4.7 4.6 3.7 
15 0 . I t SHKP 0.5 10.3 11.1 (27.3) 3.8-23 (23-37) 4.1 5.5 2.5 
16 Above 4 3inin O . l t SKMP 1.5 9.9 10.3 (23.6) 3.2-19.2 (20-30) 3.6 4.9 4.4 
17 I n j e c t o r I t S l u r r y 1.5 9.5 11.1 --- 3.3-21.4 (20-24) 4.2 5. 1 4.4 
18 O . l t SKHP 1.1 11.4 11.8 25. 1 3.4-21.4 21-37 3.7 6.5 3.6 
19 O . l t SHMP 0.75 11.1 12.5 26-29 3.6-20.7 21-37 4.6 7.3 2.6 
20 I t S l u r r y 0.75 11.7 12.5 23-29 4.0-22.2 22-37 6.8 13.5 2.5 
21 O.U SHHP 0.5 11.0 11.8-14.8 24-30 3.8-20 20-36 5.0 9.2 1.6 
Vuluos i n parcnthoaos r e f e r t o shoulder peaks on a main peak (mode) and very minor second d i s t r l b u t i o n a . d ( 1 ) and d( 2 ) 
l o f o r t o the bimodal d i s t r i b u t i o n s o f the a e r o s o l s . (d2 can however ahow m u 1 t i m o d a l i t y } . 
( 1 ) SHHP > sodium hexametdphosphtito s o l u t i o n (o-l*Am/\/) 
(2) Distance measured from face of n o b u l i s o i s . 
TABLE 3.7 






Flow Ksan Rang* 
Pat* , Dia. pa 
1 Hln' pn 
D l a t r l b . I Population 
Hoda a t . 
X tia 
1.1 1.01 I.SS 
Ratio of Pop. at 
1.1 CO Hoda KM 
% 
Habullsar 0.11 SKHP 
alona Scnt^)' 
(1) 0.T5 9.7 8.5 1.6 l.S 1.4 
J.9 J.8 3.3 
riabullaac • 0.11 SHHP 
tnnai Paaa ( D 
1.0 2. 2 3.3 
1.^ 
Kebullaer . 
DPSC Ex i t 
(4.Sen OioA 
0.1% SHMP 
i t S l u r r y 
I t S l u r r y 















Aa obova * 
2m I n j a c t o r 
0. I I SHKP 
I I S l u r r y 
0.11 SHHP 
I I S l u r r y 
0. I I SHMP 
I I S l u r r y 






S.S 6.3 4.6 
Aa Abova • 
300 I n j a c t o r 
0.11 SHHP 
I t S l u r r y 
0. I I SHHP 
0.11 SHKP 
0.11 SHHP 



























3 3. J 
3 3.6 
Aa Abova 0. 
but adga of 
3sa atraaa 
(USKHP - Sodtuo haxametaphoaphata a o l u t i o n ( O . l t o/v) 
(3) Dlstanca naaaurad f r o o faca of nabullsai 
(1) Dicensiona of Innat p^aa f i e a OPSC. ISen Din. • 132cn long 
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TABLE 3.8 
I voluffla tmi V o l o e i t Y Dit* tei t a i e i B l s H«aauf«d r i o a i n a a i Out Ot Double P a n 3pc«y CtMSbai IDPSCI 
C i p s i i c a n t A f l i e i o l 
No n««iui«o«ot 
R a t * pa 
V o l . Rod* Dl«. 
I I I < l l l l 
fia O a n j l t y r i t j s ^ ^ Kaan 
•3(1) yen • 1 10 
v.lo^,t7 









• t n n i i 
k 113n3) 
O.lt SKMP 1.»-IS.J 31.&•)].» 3.1-19 19-H 
6-13.) 10.3 3.S-17.T la-lt 
I . l 0.33 
N c b u l l s a i * 
OPSC E > i t 
(4.Sen 01«) 
0.11 SHHF 
I I S l u c i y 

























3.3-30 30-34 3.0 
4.3- 18.5 18-36 3.0 
J.S-IO 30-36 3.3 
3.4- 19.3 30-11 3.1 
3.4-19.3 10-16 3.8 
3.0-lT 17-36 3.7 
3.0-17.7 18-14 1.8 
1.6-14 14-17 4.3 
1.6-17 17-36 4.4 
1.6- 14 (14-15.3) 9.0 
t.7-16.3 imnm r r 
1.7- 15.5 4.1 
3.3-16 (16-15) 4.3 
1.9-17 (17-16) 3.5 
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Population count data f o r organic l i q u i d aerosols measured from 2 ™ i n j e c t o r / d o u b l e pass spray chamber (DPSC) 
Expt. Aerosol Sample 
No. measurement 
Gas flow Pop. Mean D i s t r . D i s t r . ^Population a t : Ratio of Pop 
''^ ^^  ^^"ge mode X pm " at 1.1pm to 
1 min 
^3 Nebuliser White s p i r i t 0.8 
DPSC and 









M"» 1.1 1.81 2.55 mode as % 
1.1-12 7.0 1.5 2.7 10 
1.1-17 7.0 4.7 3.6 3.6 53 
6-2 1.1-18 7-8.5 3.3 3.7 3.8 i,Z 
^6 1/250 d i l u t i o n 0.8 
of above w i t h 
1:1 wt.spt/ 
xylene 
8.7 1.1-16.5 7 3.4 3.0 3.5 42 
32 0.1% SHMP (1) 0.75 
i n water 
8.7 1.1-16.6 7.7-10 0.8 0.5 1.4 8 
(l)SHMP = sodium hexametaphosphate s o l u t i o n 
00 
TABLE 3.10 
% Volume and v e l o c i t y data f o r organic l i q u i d aerosols measured from 2mm i n j e c t o r / d o u b l e pass spray chamber (OPSC) 
Expt. Aerosol Sample Gas flow Vol.mean Vol.mode D i s t r . range No. density V o l . f l u x P a r t i c l e 
No. measurement r a t e d i a . d ( l ) d(2) d ( l ) d(2) /cm~^ /cm^s"^cm"^ mean v e l o c i t y 
1 min"^ |jm pm (jm xlO'^ xlO"^ /m s"^ 
if3 Nebuliser, white 0.8 8.1 8.1 (16.2) 2.'f-15.5 (15.5-17) 5.3 2.8 if.3 
DPSC and s p i r i t 
2mm i n j e c t o r 
white 0.8 11.6 11.1 30-3if 3.3-18.5 18.5-37 11.9 16.4 4.^ * 
s p i r i t 
/xylene 
1:1 v/v 
Above + 0.6 11.if 11.8 37 3.3-20 20-37 10,0 12.5 4^.5 
surfac-
t a n t 
46 1/250 0.8 12.0 11.8 34 3,5-19.2 20-37 9.8 14 4.5 
d i l u t i o n 
of above 
w i t h 1:1 
wt.spt/ 
xylene 
32 0.1% 0.75 6.2 6.6-7.4 17 1.6-14 14-17 4.3 1.2 5.6 
SHMP^in 
water 
d ( l ) and d(2) r e f e r t o the bimodal d i s t r i b u t i o n s of aerosols (d(2) can however be multimodal) 
(1) SUMP = sodium hexametaphosphate s o l u t i o n . 
FIGURE 3.10 
Po p u l a t i o n s i z e d i s t r i b u t i o n s of a e r o s o l s produced by a h i g h 
s o l i d s nebuliser at a c a r r i e r gas flow r a t e of 0.75 (a, b, d, e, 
g) and 1.5 (c, f , h) 1 min"^ from water ( a ) , 0.1% m/V SHMP s o l u -
t i o n (b, c, d, t , g, h) and 1% m/V s l u r r y (e) measured at 5mm (a, 
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Population size d i s t r i b u t i o n s of aerosols measured from a s i n g l e 
pass c o n i c a l spray chamber (a) and above a 2mm i n j e c t o r (b to g) 
at 1.5 (b, c ) , 1,1 ( d ) , 0.75 (a, e, f ) and 0.5 (g) 1 min"^ c a r r i e r 
gas flow r a t e using 0.1% m/V SHMP s o l u t i o n (a, b, d, e, g) and 1% 
s l u r r y (c, f ) . 
0 
1.6 19.4 37.2 
D i a m e t e r Mm 
55.8 13.2 25.2 
D i a m e t e r pm 
37.3 
13.2 25.2 
D i a m e t e r Mm 
13.2 25.2 




D i a m e t e r 
13.2 25.2 
D i a m e t e r Mm 
37,3 
13.2 25.2 




Population size d i s t r i b u t i o n s of aerosols measured from a s i n g l e 
pass c o n i c a l spray chamber (a) and above a 3mm i n j e c t o r (b to g) 
at 1.5 (b, c ) , 1.1 ( d ) , 0.75 (a, e, f ) and 0.5 (g) 1 min"^ c a r r i e r 
gas flow r a t e using 0.1% m/V SHMP s o l u t i o n (a, b, d, e, g) and 1% 
s l u r r y (c, f ) . 
19.4 
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Population size d i s t r i b u t i o n s of aerosols measured from an inner 
pass chamber (a, b) and double pass spray chamber (c to f ) . a t 0.75 
(a, c, d) and 1.5 (b, e, f ) 1 min'^ c a r r i e r gas flow r a t e using 
0.1% m/V SHMP s o l u t i o n (a, b, c, e) and 1% m/V s l u r r y (d, f ) . 
13.2 25.2 
D i a m e t e r \im 
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37.3 13.2 25.2 
D i a m e t e r pm 
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Population si z e d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 2mm i n j e c t o r at 1.5 (a, b ) , 1.1 (c, d ) , 
0.75 (e, f ) and 0.5 (g) 1 min"^ c a r r i e r gas flow r a t e using 0.1% 
m/V SHMP s o l u t i o n ( a ; c, e, g) and 1% m/V s l u r r y (b, d, f ) . 
13.2 25.2 
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D i a m e t e r Mm 
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Population si z e d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 3mm i n j e c t o r at 1.5 (a, b, h ) , 1.1 ( c ) , 
0.75 (d, f , g) and 0.5 (e) 1 min"^ c a r r i e r gas flow r a t e using 
0.1% o/V SHMP s o l u t i o n (a, c, d, e, g, h) and 1% m/V s l u r r y (b, 
f ) . Aerosol d i s t r i b u t i o n (h) measured at edge of 3mm i n j e c t o r 
stream. 
13.2 25.2 
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Population s i z e d i s t r i b u t i o n s of organic l i q u i d aerosols measured 
from a double pass spray chamber w i t h 2mm i n j e c t o r at a gas flow 
r a t e of 0.8 1 min"^ (a) w h i t e s p i r i t , (b) w h i t e s p i r i t - x y l e n e 
mixture (1 : 1 ) , (c) white s p i r i t - x y l e n e mixture c o n t a i n i n g lOOpg 
ml~^ of s u r f a c t a n t , (d) 1/250 d i l u t i o n of ( c ) , (e) aqueous aerosol 
( 0 . 1 % SHMP) produced under s i m i l a r c o n d i t i o n s f o r comparison. 
13.2 25.2 





D i a m e t e r pm 
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% volume size d i s t r i b u t i o n s of aerosols produced by high s o l i d s 
nebuliser at 0.75 (a, b) and 1.5 (c) 1 min"^ c a r r i e r gas flow r a t e 
using water ( a ) , 0.1% m/V SHMP s o l u t i o n (b, c ) , and measured 5mm 
from nebuliser face. 




% volume size d i s t r i b u t i o n s of aerosols produced by high s o l i d s 
nebuliser at 0.75 (a, b) and 1.5 (c) 1 min"^ c a r r i e r gas flow r a t e 
using 0.1% m/V SHMP s o l u t i o n (a, c) and 1% m/V s l u r r y (b) measured 
20mm from neb u l i s e r face. 
la IS 20 34 2S u 16 20 34 31 
0 I U « T U fim 
a 
IB 20 3« 
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FIGURE 3.19 
% volume size d i s t r i b u t i o n s of aerosols produced by a high s o l i d s 
n e b u l i s e r (a, b ) , measured 132mm from nebuliser face, and s i n g l e 
pass c o n i c a l spray chamber (c) at 0.75 (a, c) and 1.5 (b) 1 min'^ 
c a r r i e r gas flow r a t e using 0.1% m/V SHMP s o l u t i o n . 
Ifl 20 2* 
oiMSTcn tim 
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a la IB as 74 n u sa M «4 «• u 
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FIGURE 3.20 
% volume size d i s t r i b u t i o n s of aerosols measured from a s i n g l e 
pass c o n i c a l spray chamber w i t h 2mm i n j e c t o r at a c a r r i e r gas flow 
r a t e of 1.5 ( a ) , 1.1 ( b ) , 0.75 (c) and 0.5 (d) 1 min"^ using 0.1% 
m/V SHMP s o l u t i o n . 
ta I t 20 2« 13 IB 30 34 29 12 » 
OIAMTED 
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% volume size d i s t r i b u t i o n s of aerosols measured from s i n g l e pass 
c o n i c a l spray chamber w i t h 2mm i n j e c t o r at a c a r r i e r gas flow r a t e 
of 1.5 (a, b) and 0.75 (c, d) 1 min"^ using 0.1% m/V SHMP s o l u t i o n 
(a, c) and 1% m/V s l u r r y (b, d ) . 
0 4 8 B 20 14 l> IB 30 3« 
a 
13 IB 30 34 
OIWCTCfl fiM 




% volume size d i s t r i b u t i o n s of aerosols measured from s i n g l e pass 
spray chamber w i t h 3mm i n j e c t o r at a c a r r i e r gas flow r a t e of 1.5 
( a ) , 1.1 ( b ) , 0.75 (c) and 0.5 (d) 1 min ^  using 0.1% m/V SHMP 
s o l u t i o n . 
la It ta 14 n 10 » 2« 
1 ' 




% volume size d i s t r i b u t i o n s of aerosols measured from s i n g l e pass 
c o n i c a l spray chamber w i t h 3mm i n j e c t o r at a c a r r i e r gas f l o v r a t e 
of 1.5 (a, b) and 0.75 (c, d) 1 min*^ using 0.1% m/V SHMP s o l u t i o n 
(a, c) and 1% m/V s l u r r y (b, d ) . 
I S » >4 16 ZB at 
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FIGURE 3.24 
% volume size d i s t r i b u t i o n s of aerosols measured from a s i n g l e 
pass c o n i c a l spray chamber alone ( a ) , w i t h 2mm i n j e c t o r (b) and 
3mm i n j e c t o r (c) at a c a r r i e r gas flow r a t e of 0.75 1 min"^ using 
0.1% m/V SHMP s o l u t i o n . 
1 
_ i , 1 , I . i _ 
a 12 la 20 34 n u sa <o <4 4« 33 la I B m 94 3S M sa 
•lAMCTcn p> 
a 
IB » 34 
O l M C T t P itm 
98 
riGURK 3.25 
% volume s i z e d i s t r i b u t i o n s of a e r o s o l s measured from a h i g h 
s o l i d s n e b i i l i s e r (a, b) and the i n n e r pass from a double pass 
spray chamber (c, d) at a c a r r i e r gas flow r a t e of 0.75 (a, c) and 
1.5 (b, d) 1 min"^ using 0.1% SHMP s o l u t i o n . 
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FIGURE 3.26 
% volume size d i s t r i b u t i o n s of aerosols measured from the inner 
pass of a double pass spray chamber (a, b) and from a double pass 
spray chamber (c. d) at a c a r r i e r gas flow r a t e of 0.75 (a, c) and 
1.5 (b, d) 1 min"-*- using 0.1% m/V SHMP s o l u t i o n . 
9 * a ZB 32 I S » 34 
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FIGURE 3.27 
% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber at a c a r r i e r gas flow r a t e of 0.75 (a, b) and 
1.5 (c, d) 1 min"^ using 0.1% m/V SHMP s o l u t i o n (a, c) and 1% m/V 
s l u r r y (b, d ) . 
a 12 IB so 34 a 0 « • 11 I S so a« 
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% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 2mm i n j e c t o r at a c a r r i e r gas flow r a t e of 
1.5 ( a ) , 1.1 ( b ) , 0.75 (c) and 0.5 (d) 1 min*^ using 0.1 m/V SHMP 
s o l u t i o n . 
13 ifl n a* e la I S ZO 34 7B 33 
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% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber (a, c) and double pass spray chamber w i t h 2mm 
flow r a t e of 0.75 (a, b) and 1.5 
SHMP s o l u t i o n . 
i n j e c t o r (b, d) at a c a r r i e r gas 
(c, d) 1 min"^ using 0.1% m/V ^ 
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% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 2mm i n j e c t o r at a c a r r i e r gas flow r a t e of 
1.5 {a, b) and 0.75 (c, d) 1 min""^ using 0.1% m/V SHHP s o l u t i o n 
(a, c) and 1% m/V s l u r r y (b, d ) . 
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FIGURE 3.31 
% volume size d i s t r i b u t i o n s of aerosols measured from double pass 
spray chamber w i t h 3mm i n j e c t o r at a c a r r i e r gas flow r a t e of 1.5 
( a ) , 1.1 ( b ) , 0.75 (c) and 0.5 (d) 1 min"^ using 0.1% m/V SHMP 
s o l u t i o n . 
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FIGURE 3.32 
% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 3mm i n j e c t o r at a c a r r i e r gas flow r a t e of 
1.5 (a, b) and 0.75 (c, d) 1 min'^ using 0.1% m/V SHHP s o l u t i o n 
(a, c) and 1% m/V s l u r r y (b, d ) . 
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FIGURE 3.33 
% volume size d i s t r i b u t i o n s of aerosols measured from a double 
pass spray chamber w i t h 3mm i n j e c t o r (a, b) and from a double pass 
spray chamber alone (c, d) at a c a r r i e r gas flow r a t e of 1.5 (a, 
c) and 0.75 (b, d) 1 min"^ using 0.1% m/V SHMP s o l u t i o n . 
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FIGURf 3.34 
% volume size d i s t r i b u t i o n s of organic l i q u i d aerosols measured 
from a double pass_spray chamber w i t h 2mm i n j e c t o r at a gas flow 
r a t e of 0.8 1 min ^. (a) white s p i r i t , (b) white s p i r i t - x y l e n e 
mixture (1 : 1 ) , (c) white s p i r i t - x y l e n e mixture c o n t a i n i n g lOOpg 
ml"-*- of s u r f a c t a n t , (d) 1/250 d i l u t i o n of (c) w i t h mixture. 
B so 34 




% volume s i z e d i s t r i b u t i o n s of organic aerosols (a) white s p i r i t , 
(b) white s p i r i t - x y l e n e mixture (1:1), and aqueous aerosols (c, d) 
0.1% m/V SHMP s o l u t i o n , measured from a double pass spray chamber 
wi t h 2mm i n j e c t o r at a gas flow r a t e of 0.8 1 min"^ (a, b, c) and 
a 3mm i n j e c t o r at 1.5 1 min"^ ( d ) . Aerosol (d) measured at edge 
of stream from i n j e c t o r . 
18 20 a n 3. 
la ts » 34 12 ta 20 34 ZB 
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3 .4 .2 .2 Discussion 
The population count d i s t r i b u t i o n s (Figures 3.10 to 3.16) show i n many 
cases t h a t the c o n t r i b u t i o n from 3 fjm p a r t i c l e s and less i s s i g n i f -
i c a n t . Values of up to 20% are noted f o r the cumulative % p o p u l a t i o n 
below 3 |jm f o r some aerosols (Figures 3.14 ( e ) , Table 3.7 experiment 
32, Figures 3.15 ( a ) , Table 3.7 experiment 35) but ge n e r a l l y f a l l i n 
the region o f 5 t o 15%. I n some cases the d i s t r i b u t i o n extends below 
the 1,1 m^ s i z e c u t - o f f of the instrument. The extent t o which t h i s 
l o s s of i n f o r m a t i o n occurs can be gauged from the data i n Tables 3 .5 , 
3.7 and 3 .9 , which show the percentage p o p u l a t i o n a t 1 .1, 1.8 and 2.5 / j i 
t ogether w i t h the r a t i o o f the counts a t 1.1 pm t o t h a t o f the d i s t r i b -
u t i o n mode expressed as a percentage. As these f i g u r e s increase the 
d i s t r i b u t i o n shows a greater c o n t r i b u t i o n from f i n e p a r t i c l e s and hence 
the greater the loss of population i n f o r m a t i o n below 1.1 m^ e.g. 
Figure 3.14 (a) Table 3.7 experiment 28, Figure 3.16 (b) Table 3.9 
experiment 4-4). 
A comparison of the % volume data w i t h the population data shows how 
markedly d i f f e r e n t t h e d i s t r i b u t i o n s are. The dependence of the 
p a r t i c l e volume upon the cube of the diameter ( frdp^/6) d i c t a t e s t h a t 
the weighting of the volume d i s t r i b u t i o n versus p a r t i c l e diameter i s 
towards a l a r g e r s i z e than t h a t of the population d i s t r i b u t i o n . This 
r e s u l t s i n a s h i f t o f the s i z e mean, mode and range o f the d i s t r i b -
u t i o n , together w i t h a re d u c t i o n i n the c o n t r i b u t i o n from the f i n e 
p a r t i c l e s . Few examples are seen where the c o n t r i b u t i o n from 3 fjm 
p a r t i c l e s and less exceed a cumulative value o f 2% by volume. This 
e f f e c t i s put i n t o perspective when i t i s considered t h a t the volume of 
one 10 pm p a r t i c l e i s equal t o the volume of 1000, 1 fjm p a r t i c l e s . One 
f u r t h e r consequence of the cubic dependence of the volume on the diam-
110 
e t e r i s the development of multi-modal % volume d i s t r i b u t i o n from the 
e s s e n t i a l l y mono-modal population d i s t r i b u t i o n . This i s e s p e c i a l l y 
seen where the r a t e o f decrease i n p o p u l a t i o n w i t h increase I n p a r t i c l e 
s i z e i s small and shallow gradients e x i s t over the s i z e range 16 t o 30 ;jm 
(a) Nebuliser and s i n g l e pass spray chamber (SPSC) aerosols 
Tables 3.5 and 3.6 show the r e l e v a n t % population and volume data 
r e s p e c t i v e l y from the s o l u t i o n and s l u r r y aerosol d i s t r i b u t i o n s 
produced by the n e b u l i s e r a t various flow rates and those emitted from 
the SPSC f i t t e d w i t h and w i t h o u t 2 and 3 mm i n j e c t o r s . From the 
neb u l i s e r l i t t l e or no d i f f e r e n c e i s seen between aerosols of water and 
0.1% m/v SHMP s o l u t i o n s (experiments 1 and 2, Figures 3.1Q(a) and ( b ) ) 
determined 5 mm from the n e b u l i s e r face a t a gas flow r a t e of 
0.75 1 min"^. The population data (Table 3.5) shows t h a t f o r a 
constant distance from the face (5, 20, 132 mm) the c o n t r i b u t i o n from 
f i n e p a r t i c l e s increases w i t h gas flow r a t e (0.75 to 1.5 1 min"-*-), 
i n d i c a t i n g t h a t more e f f i c i e n t aerosol formation takes place a t higher 
gas flow r a t e s . (Theory p r e d i c t s the argon gas v e l o c i t y reaches a 
maximum of 276 m s"-*-, the sonic v e l o c i t y o f Mach 1, a t a gas flow r a t e 
of 0.65 t o 0.7 1 min"-*- through a 200 pm o r i f i c e (105). A s h i f t o f the 
frequency mean and mode s i z e to smaller diameters i s c o n s i s t e n t w i t h 
t h i s . The maximum of the population range i s not s i g n i f i c a n t l y 
changed. The volume data (Table 3.6) also shows t h i s s h i f t t o f i n e r 
s i z e . The multi-modal volume d i s t r i b u t i o n s (Figures 3.17(b) and ( c ) , 
Figures 3.18(a) and ( c ) , Figures 3.19(a) and ( b ) , experiments 2, 3, ^, 
6, 7 and 8) show how the modes, designated 6^ and from l e f t t o r i g h t 
i n the d i s t r i b u t i o n , change i n p r o p o r t i o n i n the manner expected w i t h 
an increase i n gas flow r a t e , i . e . 6^ increases, 62 decreases. The 
mean p a r t i c l e v e l o c i t y also increases w i t h increase i n gas flow r a t e 
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(constant d i s t a n c e ) , showing a value of 3^ m s"^ a t 1.5 1 min"^ gas 
flow r a t e and 8.6 m s"^ a t 0.75 1 min'^ gas flow r a t e (5 mm d i s t a n c e ) . 
A comparison of the aerosols produced by the nebuliser from a s o l u t i o n 
( 0 . 1 % SHMP) w i t h t h a t from a 1 % s l u r r y shows l i t t l e or no d i f f e r e n c e 
between t h e i r p opulation d i s t r i b u t i o n s (experiments •^ and 5, Tables 3.5 
and 3.6, Figures 3.10 (d) and ( e ) , Figures 3.18 (a) and ( b ) ) . This 
i n d i c a t e s t h a t the presence of 1% m/v s o l i d m a t e r i a l does not s i g n i f -
i c a n t l y i n f l u e n c e the mechanism o f primary d r o p l e t formation and 
confirms the r e s u l t p r e v i o u s l y obtained using the Malvern la s e r s i z e r . 
When a c o n i c a l design s i n g l e pass spray chamber (SPSC) i s f i t t e d t o the 
nebuliser a marked change i n the aerosol, measured a t the ^ mm e x i t , i s 
seen (Figures 3.11 ( a ) , Figures 3.19 ( c ) , experiment 9, Tables 3,5 and 
3.6). The c o n t r i b u t i o n from l a r g e r p a r t i c l e s i s s i g n i f i c a n t l y 
increased such t h a t the volume data i s dominated by the secondary (d2) 
d i s t r i b u t i o n (range 20 t o 52 ;jm, mode 37 pm). The primary mode, 6^, 
which i s broad (10 t o lA- jjm), l i e s i n a primary d i s t r i b u t i o n of range 5 
to 20 fim and i s approximately 1/8 of the area of the secondary d i s t r i b -
u t i o n . The range and mode o f 6-^ however compares w e l l w i t h the range 
and mode of the primary (dj^) d i s t r i b u t i o n from the nebuliser alone 
(experiment 2, Figure 3.17 ( b ) ) produced under the same flow con-
d i t i o n s . The increase i n the p r o p o r t i o n and range o f large p a r t i c l e s 
can be a t t r i b u t e d t o p a r t i c l e recombination (109); confinement of the 
aerosol by the spray chamber r e s u l t s i n the coagulation mechanisms 
o u t l i n e d i n s e c t i o n 3.2. 
The e f f e c t on an aerosol from adding 2 and 3 mm i n j e c t o r s t o the SPSC 
can be seen from the data i n Tables 3.5 and 3.6 (experiments 9, 13, 19, 
2 mm: Figures 3.11 (a) and ( e ) , Figures 3.2^ (a) and ( b ) ; 3 mm: Figures 
112 
3.12 (a) and ( e ) , Figures 3.2^f (a) and ( c ) ) . At 0.75 1 min'^ the 
population data shows the aerosol d i s t r i b u t i o n , a f t e r the 2 mm 
i n j e c t o r , i s narrower than a f t e r the SPSC alone (post 2 mm : 1.1 - 16 pm; 
pre 2 mm 1,1 - 50 pm). Loss o f the very l a r g e and some f i n e p a r t i c l e s 
r e s u l t s i n a s h i f t o f the mean to a smaller diameter (13.7 t o 8.7 |jm). 
The mode however i s a f f e c t e d very l i t t l e , suggesting t h a t the aeros o l 
m o d i f i c a t i o n occurs outside a common mode range (8 to 10 jjm). The 
volume data shows the c o n t r a s t between the aerosols before and a f t e r 
the 2 mm i n j e c t o r i n even greater r e l i e f . V i r t u a l l y no secondary 
d i s t r i b u t i o n (d2) i s seen a f t e r the 2 mm i n j e c t o r and a reduction i n 
the mean and mode diameters r e s u l t s (20.6 t o 10.2 pm; 1^.1 to 11.1 jjm 
r e s p e c t i v e l y ) . A decrease i n the number density (1/3 value) and volume 
f l u x (1/29 value) i s also noted despite the increased mean p a r t i c l e 
v e l o c i t y and decreased cross s e c t i o n a l area o f the e x i t p o i n t . 
The post 3 mm i n j e c t o r aerosol (experiment 19), w h i l e reducing the 
c o n t r i b u t i o n from the l a r g e p a r t i c l e s seen i n the SPSC e x i t a erosol, 
does not r e s t r i c t the d i s t r i b u t i o n t o the same extent as the 2 mm 
i n j e c t o r . The bi m o d a l i t y (Figure 3.24 (a) and ( c ) ) of the SPSC 
aerosol i s maintained, but the r e l a t i v e p r o p o r t i o n s o f the d i s t r i b u t i o n 
modes (dj^ and are reversed. (SPSC d2 = 8 x dj^; 3 mm, d2 x 1.2 = dj ^ ) . 
The range of the d2 d i s t r i b u t i o n i s contracted from 52-20 pm t o 37-21 pm. 
Table 3.11 o u t l i n e s the r e l e v a n t volume and popu l a t i o n data f o r 
aerosols produced a t 0.75 1 min*-*- and measured 5 mm from the ne b u l i s e r 
face, 5 mm from the SPSC e x i t and 5 mm from the t i p s of the 2 and 3 mm 
i n j e c t o r s . 
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TABLE 3.11 
Aerosol volume and population data from the nebul i s e r and the s i n g l e 
pass spray chamber (SPSC) w i t h and wit h o u t 2 and 3 mm bore i n j e c t o r s a t 
a gas flow r a t e of 0.75 1 min"^ argon. 
Aerosol Nebuliser SPSC I n j e c t o r bores 
(5mm from face) ( e x i t ) 2 mm 3 mm 
Number density cm"^(xlo2) 16.if 9.7 3.6 if.6 
Vol. f l u x r a t e cm^s"^cm-2(xl0^) 31 127 if.^f 7.3 
Vol. mean size 13.5 20.6 10.2 11.1 
Vol. mode s i z e pm l^f.S lk.l{37) 11.1 12.5 
Population mean pm 9.7 13.7 8.7 8.3 
Population mode pm 8.5 9.2 7.7-10 7-9.2 
I t can be seen from the f l u x r a t e t h a t the SPSC produces and concen-
t r a t e s the large p a r t i c l e s even though the number de n s i t y i s h a l f t h a t 
from the nebuliser alone. As a r e s u l t , the grea t e s t volume (ocmass) 
loss occurs due t o the presence of the i n j e c t o r s . The 3 mm i n j e c t o r 
allows a greater volume f l u x t r a n s f e r than the 2 mm i n j e c t o r and t h i s 
i s r e f l e c t e d i n the l a r g e r volume mean and mode s i z e s . Volume t r a n s -
p o r t e f f i c i e n c i e s are estimated t o be of the order of 3.5% f o r the 2 mm 
i n j e c t o r and 5.7% f o r the 3 mm i n j e c t o r . This e f f e c t i s con s i s t e n t 
w i t h the i n j e c t o r a c t i n g as a f i l t e r which has been discussed on a 
t h e o r e t i c a l basis by Sharp (109). 
Both the 2 and 3 mm post i n j e c t o r aerosols show an increase i n the 
pr o p o r t i o n of l a r g e r p a r t i c l e s when the gas flow r a t e i s decreased from 
1.5 t o 0.5 1 min"^ (Tables 3.5 and 3.6). This t r e n d , w h i l e c o n s i s t e n t 
w i t h a b a l l i s t i c / t u r b u l e n t l oss process appears t o be due to d i f f e r e n t 
mechanisms which are dependent upon the i n j e c t o r and gas flow r a t e 
used. The 2 mm i n j e c t o r aerosols are p r i m a r i l y monomodal (Figures 3.20 
(a) t o ( d ) ) and as the gas flow r a t e decreases from 1.5 t o 0.75 1 min"^ 
the bulk of the mode s h i f t s t o l a r g e r s i z e . From 0.75 t o 0.5 1 min"-^ 
the main mode i s s i m i l a r but w i t h the development of a secondary mode 
d i s t r i b u t i o n from 20 ^ m t o 36 fjm. The 3 mm i n j e c t o r aerosols are 
multimodal (Figures 3.22 (a) t o ( d ) ) and show an increase i n the 
c o n t r i b u t i o n from the secondary mode d i s t r i b u t i o n ( w i t h loss i n primary 
mode) w i t h a decrease i n gas fl o w r a t e (1,5 1 min"^, 62 <<d^; 
0.5 1 min"-*^, 62 "^^d^). Only a very s l i g h t s h i f t occurs i n the primary 
mode ( d j ) d i s t r i b u t i o n towards l a r g e r s i z e diameters w i t h decrease i n 
flow r a t e . The number d e n s i t i e s f o r both the 2 and 3 mm i n j e c t o r 
aerosol s e r i e s are of s i m i l a r magnitude (3.5 - 5 x 10^ cm"-^ ) and 
increase very s l i g h t l y w i t h a decrease i n flow r a t e (more pronounced i n 
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3 mm aerosol s e r i e s ) . The volume f l u x r a t e increases as expected, 
knowing t h a t an increased c o n t r i b u t i o n from l a r g e p a r t i c l e s occurs w i t h 
a decrease i n gas flow r a t e . At a given gas flow r a t e the 3 mm 
i n j e c t o r aerosols show a greater c o n t r i b u t i o n from l a r g e r p a r t i c l e s 
than the 2 mm i n j e c t o r aerosols and show up t o twice the volume f l u x 
r a t e as a r e s u l t , 
A comparison between aerosols produced from 1 % s l u r r i e s and 0.1% SH^ tP 
s o l u t i o n s , under the same c o n d i t i o n s of gas flow r a t e and i n j e c t o r 
bore, show l i t t l e d i f f e r e n c e i n d i s t r i b u t i o n mean si z e s , modes, size 
range, v e l o c i t y , number de n s i t y and volume t r a n s p o r t data (2 mm. 
Figures 3.21 (a) t o ( d ) . Figures 3.11 ( b ) , ( c ) , ( e ) , ( f ) , Tables 3.5, 
3.6, experiments 10, 11, 13, i^; 3 mm, Figures 3.23 (a) t o ( d ) . Figure 
3.12 ( b ) , ( c ) , ( e ) , ( f ) . Tables 3.5, 3.6, experiments 16, 17, 19, 20). 
This i n d i c a t e s t h a t the magnitude of those mechanisms which govern the 
formation and lo s s processes of an aerosol d u r i n g t r a n s p o r t a t i o n from 
the n e b u l i s e r through the SPSC t o the t i p o f an i n j e c t o r are very 
s i m i l a r f o r s o l u t i o n s and s l u r r i e s . 
(b) Double pass spray chamber (DPSC) aerosols 
Tables 3.7 and 3,8 show the c r i t i c a l population and volume data 
obtained from aerosols t h a t were measured e x i t i n g from an inner pass 
(Figure 3.6), a DPSC and 2 and 3 mm i n j e c t o r s . The aerosol e x i t i n g 
from a tube of the dimensions of the inner pass (15 mm ID x 132 mm 
long) was measured a t two gas fl o w r a t e s (0.75 and 1,5 1 min*^) the 
r e s u l t s are shown i n Tables 3.7 and 3.8 (experiments 22 and 23) and 
Figures 3,13 (a) (b) and 3.26 (a) ( b ) . Both the population and volume 
data show only small d i f f e r e n c e s between the aerosols formed a t 0.75 
and 1.51 min"-*-. This suggests t h a t the t u r b u l e n t nature of the gas 
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flows w i t h i n the inner pass (due to re-entrainment, d i f f u s i o n , over-
expansion, c o n t r a c t i o n and v e l o c i t y changes) r e s u l t i n one or two 
mechanistic loss processes which dominate the system ( t u r b u l e n t induced 
impaction, r e c i r c u l a t o r y d e p o s i t i o n ) . These are of such magnitude as 
to erode the d i f f e r e n c e s normally seen w i t h aerosols a t d i f f e r e n t f l ow 
r a t e s i n l a r g e r spray chambers (e.g. SPSC). 
The s i m i l a r values of number d e n s i t i e s and volume f l u x f o r the two gas 
flows compared w i t h the s t a r t i n g values f o r the n e b u l i s e r alone 
(experiments 2 and 3 Table 3.8) together w i t h the d i s p r o p o r t i o n a t e 
v e l o c i t y mean values would appear to confirm t h i s t u r b u l e n t theory. 
This e f f e c t may also be due to the inner pass being o f a high aspect 
r a t i o (length/diameter = 8.8:1) which accentuates the loss processes 
compared w i t h a low aspect r a t i o pass (e.g. length/diameter 1:1). 
The aerosols measured above the ^.5 mm diameter e x i t of the DPSC a t 
0.75 and 1.5 1 min"-^ gas flow r a t e s (experiments Z^• t o 27, Figures 3.13 
(c) t o ( f ) and 3.27 (a) t o ( d ) , Tables 3.7 and 3.8) show a decrease i n 
both population and volume mean values w i t h increase i n flow r a t e . The 
increase i n f i n e p a r t i c l e s and loss o f l a r g e r p a r t i c l e s together w i t h 
the s h i f t of the d i s t r i b u t i o n mode (dj^) t o the l e f t as the gas flow 
r a t e i s increased i s r e a d i l y seen i n the population and volume 
d i s t r i b u t i o n s . As the aerosol data from the inner pass i s s i m i l a r f o r 
the two gas f l o w r a t e s , the development of the obviously d i f f e r e n t 
d i s t r i b u t i o n s seen a t the e x i t of the double pass i s a r e s u l t of the 
aerosol n e g o t i a t i n g the t u r n from the inner pass t o the outer pass and 
t r a v e r s i n g the l e n g t h of the outer pass to the e x i t (^90 mm). I t may 
be conjectured t h a t the loss of p a r t i c l e s a t the higher flow r a t e i s a 
r e s u l t of b a l l i s t i c impaction on the end w a i l o f the spray chamber. I f 
g r a v i t a t i o n a l forces were dominant the t r e n d would be reversed. 
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The aerosols produced from 1% s l u r r i e s (experiments 25 and 27) measured 
at the e x i t of the DPSC (gas flow rates 0.75 and 1.5 1 min"^) are very 
s i m i l a r i n po p u l a t i o n and volume data t o those aerosols produced from 
s o l u t i o n s ( 0 . 1 % SHMP) under the same c o n d i t i o n s (Figures 3.13 (c) t o ( f ) , 
Figures 3.27 (a) t o ( d ) , Tables 3.7 and 3.8, experiments 2^ ^ t o 27). 
Experiments 28 t o 3^ i n Tables 3.7 and 3.8 (Figures 3.1if (a) t o (g) and 
Figures 3.28 (a) t o ( d ) ) show the r e l e v a n t population and volume data 
f o r aerosols measured above a 2 mm injector/DPSC assembly at gas flow 
rates o f 1.5 t o 0.5 1 min"^. I t can be seen t h a t the population mean 
si z e decreases w i t h decrease i n gas flow r a t e (6.6 t o ^ .9 yjm) w h i l e the 
mode changes very l i t t l e (5.5 t o ^ .8 fjm); a r e s u l t of c o n t r a c t i o n of 
the range, i . e . loss of both l a r g e and f i n e p a r t i c l e s , but w i t h a 
greater l o s s of l a r g e r . This i s again a ma n i f e s t a t i o n of the f i l t e r i n g 
process by an i n j e c t o r . The volume mean and mode sizes show the same 
trend w i t h decrease i n gas flow r a t e (9 t o 5.7 ^m and 10.4 t o 6,1 pm 
r e s p e c t i v e l y ) . Volume size c o n t r a c t i o n i s also seen (2.4 - 19.2 pm to 
1.6 to 14 pm) together w i t h a s h i f t o f the primary d i s t r i b u t i o n . A 
small, i l l - d e f i n e d secondary d i s t r i b u t i o n (d2) seen a t 1.5 1 min"-*-
decreases t o nothing a t 0.5 1 min'^. The l o s s of volume t r a n s p o r t w i t h 
decrease of gas flow r a t e i s r e f l e c t e d i n the aerosol volume f l u x 
r a t e s , which decrease t o 1/3 of the value when the gas flow i s reduced 
from 1.5 t o 0.5 1 min"^. 
The aerosol d i s t r i b u t i o n s measured a t the e x i t of the DPSC alone and a t 
the t i p o f the 2 mm i n j e c t o r (Tables 3.7, 3.8, Figures 3.29 (a) t o ( d ) , 
experiments 24, 26, 28, 32) under the same f l o w c o n d i t i o n s (0,75 and 
1.5 1 min*-^) show marked d i f f e r e n c e s . At 0.75 1 min"^ gas fl o w r a t e 
the secondary d i s t r i b u t i o n (d2) i s reduced t o nothing and the primary 
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d i s t r i b u t i o n (d^) i s s h i f t e d t o smaller p a r t i c l e diameters. This s h i f t 
i s also seen i n the population d i s t r i b u t i o n . At 1.5 1 min"^ the 
secondary d i s t r i b u t i o n i s reduced but not l o s t , w h i l e the primary 
d i s t r i b u t i o n i s l i t t l e changed. 
The presence of the 2 mm i n j e c t o r m o d i f i e s the pop u l a t i o n and volume 
d i s t r i b u t i o n s of an aerosol e x i t i n g the DPSC but, more o f note, the 
trend seen between mean size and gas flow r a t e i s reversed, i . e . as the 
gas flow increases the mean size and range increases, which i s suggest-
i v e o f g r a v i t a t i o n a l e f f e c t s . One explanation f o r t h i s may be t h a t the 
presence of a r e s t r i c t i o n (2 mm i n j e c t o r ) r e s u l t s i n an increase i n 
p a r t i c l e residence time (along the outer pass and near the r e s t r i c t -
i o n ) , a l l o w i n g some d e p o s i t i o n t o occur due to sedimentation f o r c e s . 
This may be accentuated by p a r t i c l e coagulation e f f e c t s , p a r t i c u l a r l y 
near the neck of the r e s t r i c t i o n . This would remove the very l a r g e 
p a r t i c l e s (secondary d i s t r i b u t i o n decrease) but the primary d i s t r i b -
u t i o n w i l l move t o the r i g h t ( l a r g e r s i z e ) as the gas flow r a t e 
increases. 
S l u r r y ( 1 % m/v) aerosols measured under the same c o n d i t i o n s as 
s o l u t i o n s ( 0 . 1 % m/v SHMP) show the same trends and very s i m i l a r 
p o pulation and volume d i s t r i b u t i o n data (experiments 28 t o 3k, Tables 
3.7, 3.8, Figures 3.1^f (a) t o ( g ) , Figures 3.30 (a) t o ( d ) ) . 
Experiments 35 t o 42 i n Tables 3.7 and 3.8 show the r e l e v a n t p o p u l a t i o n 
and volume data f o r aerosols measured above a DPSC w i t h a 3 mm i n -
j e c t o r . The population data shows t h a t the mean and mode sizes 
increase w i t h a decrease i n gas flow r a t e . A loss o f f i n e s and s h i f t 
of the d i s t r i b u t i o n t o l a r g e r s i z e i s evident. This i s r e f l e c t e d i n 
the volume data (mean and mode o f 6^) where the tren d i s also an 
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inverse r e l a t i o n s h i p between flow r a t e and p a r t i c l e size.. L i t t l e or no 
secondary volume d i s t r i b u t i o n (d2) i s seen w i t h the 3 mm i n j e c t o r . The 
change i n d i s t r i b u t i o n w i t h flow r a t e i s s i m i l a r t o t h a t seen i n the 
experiments 2^- t o 27 w i t h the DPSC alone suggesting t h a t the 3 mm 
i n j e c t o r i s large enough t o manifest the b a l l i s t i c - t y p e loss e f f e c t s 
p r e v i o u s l y seen. At 1.5 and 0.75 1 min"^ gas flow r a t e s on passing 
from the DPSC through the 3 mm i n j e c t o r the secondary mode (d2) i s l o s t 
but also the primary d i s t r i b u t i o n (dj^) i s s h i f t e d t o smaller diameters 
( i n j e c t o r f i l t r a t i o n process). 
The volume data show t h a t as the gas flow r a t e changes from 1.5 1 min"^ 
down t o 0.5 1 min"-^, the aerosol number density and volume f l u x r a t e 
changes l i t t l e over the range. 
Experiment 42 (Table 3.7, 3,8, Figures 3.15 (h) and 3.35 ( d ) ) was 
performed t o show the e f f e c t of measuring an aerosol a t the edge of the 
stream e x i t i n g from a 3 mm i n j e c t o r . S l i g h t d i f f e r e n c e s can be seen i n 
the p o pulation and volume data between t h i s aerosol d i s t r i b u t i o n and 
th a t of a centre l i n e measurement (experiment 35). However the major 
d i f f e r e n c e i s noted t o be the v e l o c i t y mean value (3.3 m s""^ ) which i s 
h a l f the value o f experiment 35 (6.5 m s"-*") measured under the same gas 
flow c o n d i t i o n s . This i s an example of the p a r t i c l e s f o l l o w i n g the gas 
v e l o c i t y p r o f i l e where Vg i s a maximum a t the centre and due t o v i s -
c o s i t y e f f e c t s approaches zero a t the i n s i d e surface of the i n j e c t o r 
w a l l . As pr e v i o u s l y found w i t h the 2 mm bore i n j e c t o r , aerosols 
produced from 1% s l u r r i e s and measured above the 3 mm i n j e c t o r show no 
s i g n i f i c a n t d i f f e r e n c e s i n d i s t r i b u t i o n t o those produced from s o l -
u t i o n s ( 0 . 1 % SHMP) under the same gas flow c o n d i t i o n s (experiments 35, 
36, ifO, 4 1 , Tables 3,7, 3.8, Figures 3.15 (a) (b) ( f ) (g) and 3,32 (a) 
to ( d ) ) . 
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A comparison between the d i s t r i b u t i o n data f o r aerosols e x i t i n g from 2 
and 3 mm bore i n j e c t o r s under the same flow c o n d i t i o n s shows a s i z e 
cross-over e f f e c t . This i s due t o the d i r e c t (2 mm) and inverse (3 mm) 
p r o p o r t i o n a l i t y of the aerosol mean, mode and volume flow w i t h t h a t o f 
the gas flow r a t e . At low gas f l o w s , 0.5 - 0.75 1 min"^, the 3mm 
i n j e c t o r introduces a greater volume f l u x and p r o p o r t i o n of l a r g e r 
p a r t i c l e s (fewer f i n e s ) than the 2 mm i n j e c t o r . At high gas flows 
(1.5 1 min"^) the p o s i t i o n s are reversed. O v e r a l l the l a r g e s t 
p a r t i c l e s (ocvolume f l o w and f l u x ) are introduced to a plasma using a 
3 mm i n j e c t o r at 0.5 t o 1.1 1 min"^ or a 2 mm i n j e c t o r from 1.1 to 
1,5 1 min"-^ gas f l o w r a t e s . To remove f i n e s from the system i t i s 
p r e f e r a b l e t o use the 3 mm i n j e c t o r but not a t high gas flow r a t e s . 
Table 3.12 shows the volume data f o r aerosols produced a t 0.75 at 
1,5 1 min"^ gas flows measured from a n e b u l i s e r , through an inner pass 
and DPSC t o the t i p o f a 2 and 3 mm i n j e c t o r . 
An e s t i m a t i o n o f the volume t r a n s p o r t losses and o v e r a l l e f f i c i e n c y of 
the sample i n t r o d u c t i o n system may be gained from an examination of the 
f i g u r e s i n Table 3.12. I n terms of f l u x r a t e i t i s seen t h a t the 
g r e a t e s t l o s s occurs a t the n e b u l i s e r / i n n e r pass stage where a t 
0.75 1 min"^ only some 7% of the o r i g i n a l sample from the n e b u l i s e r 
passes out of the inner pass. This f i g u r e may be higher when the t o t a l 
cross s e c t i o n a l area of the aerosol i s taken i n t o account at 5 mm from 
the n e b u l i s e r face and a t the e x i t o f the inner pass. When the aerosol 
f l u x r a t e s from the 2 and 3 mm bore i n j e c t o r s are considered, t r a n s p o r t 
values o f 3.9 and 6.1% o f the o r i g i n a l aerosol (5 mm from the n e b u l i s e r 
face, 0.75 1 min"^) are obtained. As the cross s e c t i o n a l area of the 3 
mm i n j e c t o r i s greater than t h a t of the 2 mm i n j e c t o r , the e f f i c i e n c y 
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TABLE 3.12 
Volume Data Measured from A e r o s o l s a t thp N e b u l i s e r , I n n e r P a s s E x i t , DPSC E x i t and top of the 2 and 3mm Bore I n j e c t o r s 
a t Gas Flow R a t e s o f 0.75 and 1.5 1 min 
Measurement Pos i t i o n 
D i s t a n c e from N e b u l i s e r S p r a y Chamber E x i t s I n j e c t o r E x i t Bores 
5mm 20mm I n n e r P a s s E x i t DPSC E x i t 2mm 3mm 
Gas Flow Rate/1 min ^ 0.75 1.5 0.75 1.5 0.75 1.5 0.75 1.5 0.75 1.5 0.75 1.5 
-3 2 Number D e n s i t y / cm ( x l O ) 16.4 7.5 16 ' 21 8.7 8.6 2.0 2.0 4.3 3.3 2.5 3.7 
Volume F l u x Rate/cm"* s ^ cm ^ 
<x lO" ) 31 13.7 15 11.2 2.1 2.5 4.3 2.2 1.2 3.1 1.9 1.0 
of the 3 mm i n j e c t o r on a t o t a l volume t r a n s p o r t basis i s estimated t o 
be 3 to 4 times greater than the 2 mm at 0.75 1 min"-*- gas flow r a t e . 
At 1.5 1 min"^ the e f f i c i e n c e s of the two i n j e c t o r s are s i m i l a r . 
Table 3.7 shows t h a t the nebuliser alone (experiments 2 and 3) produces 
an aerosol w i t h a population range of 18 pm down to j u s t below 1 m^. 
The mode of t h i s d i s t r i b u t i o n i s of the order 8 t o 10 fjm w i t h a mean of 
s i m i l a r s i z e . The volume data (Table 3.8, experiments 2 and 3) shows 
the s i g n i f i c a n t range t o be 4 t o 40 w i t h a primary mode (d^^) o f 12 
to 15 |jm and a secondary mode (d2) of 24 t o 30 pn. From s e c t i o n 3.2.2, 
equation 3.2, the Nukiyama-Tanasawa equation (110) e m p i r i c a l l y 
describes the Sauter mean s i z e , d^ (volume t o surface r a t i o ) of an 
aerosol formed under c e r t a i n c o n d i t i o n s . S u b s t i t u t i o n of the terms 
w i t h those f i g u r e s f o r aqueous aerosol formation a t 1.5 and 0,75 1 min"^ 
of argon i . e . v e l o c i t y v = 276 m s"^ (105), <5 = 74,2 dyn cm*-^ , 
P = 0.99 g cm"^, = 0,01 P, Q^^ = 1,4 x 10"^ cm^ s"-"-, Qg = 25 and 
12,5 cm^s"^ (1,5 and 0.75 1 min"^ gas flow r a t e s ) . 
c a l c u l a t e d d^ (pm) observed d^ ipm) 
At 0.75 1 min'^ 52 18.4 
At 1.5 1 min*^ 30 14.7 
Equation 3.2 tends t o overestimate the Sauter mean diameter f o r 
aerosols produced by the V-groove n e b u l i s e r . Only i n the case of the 
higher flow r a t e (1,5 1 min"^) does the Sauter mean value coincide w i t h 
the upper range of the volume d i s t r i b u t i o n . The equation does however 
show the t r e n d of more e f f i c i e n t aerosol formation ( f i n e r s i z e ) as the 
flow r a t e increases. 
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Figure 3.6 d i s p l a y s the dimensions of the Scott type OPSC used i n the 
experiments, i n p a r t i c u l a r the t u r n i n g p o i n t where the aerosol changes 
d i r e c t i o n (180^) from the inner pass t o the outer pass and on t o the 
spray chamber e x i t . C u t - o f f diameters (50% p e n e t r a t i o n ) f o r p a r t i c l e s 
undergoing the termed " c e n t r i f u g a l loss process" can be c a l c u l a t e d from 
equation 3.3 (112), S u b s t i t u t i n g i n values f o r the terms t \ = 221x10"^ 
P., Wj^  = 0.75cm (minimum)and 1.6cm (maximum), n = 1 (minimum), 
Pp-Pg = 0.99 g cm"^ , V-p = 4.2 and 2.1 cm s'^, (1.5 and 0.75 1 min"^) 
then the minimum d^ value c a l c u l a t e d i s 76 pm. 
No p a r t i c l e s o f t h i s s i z e range are seen e x i t i n g from the inner pass, 
which shows a measured maximum p a r t i c l e s i z e of 36 pm. A value of 5 
f o r the term n (no. of r e v o l u t i o n s ) would be required before the d^ 
value would be comparable t o the measured size maximum. There i s also 
some u n c e r t a i n t y i n the value f o r V^p. However the l a r g e d i f f e r e n c e 
between the measured and c a l c u l a t e d s i z e suggests t h a t c e n t r i f u g a l loss 
processes are not dominant. 
Equation 3.7 shows the r e l a t i o n s h i p between stopping distance and 
p a r t i c l e radius f o r a given p a r t i c l e v e l o c i t y . S u b s t i t u t i n g i n the 
measured inner-pass e x i t v e l o c i t y of p a r t i c l e s , 36 cm s"-^  at 1.5 1 min'^ 
gas flow and the maximum aerosol p a r t i c l e s i z e measured a t t h a t flow 
r a t e 36 pm then w i t h p^ = 0.99 g cm'-^  and >\g = 221.7 x 10"^ P equation 
3.7 y i e l d s a stopping distance 1^ of 0.12 cm. 
The value of 0.12 cm represents the distance t r a v e l l e d by the p a r t i c l e 
when d i r e c t e d i n t o a s t a t i c atmosphere. The inner pass however guides 
the p a r t i c l e s i n t o an expansion/flow r e v e r s a l area which i s i n constant 
motion and f a r from s t a t i c . The change i n gas v e l o c i t y , down to 
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4.2 cm s'^ at the outer pass d i c t a t e s , from equations 3.5 and 3.7, t h a t 
b a l l i s t i c impaction w i l l occur f o r p a r t i c l e s of 120 pm i n s i z e a t the 
impaction surface some 3.3 cm from the inner pass. Due t o a lack of 
knowledge about the f l o w l i n e s i n t h i s r e g i o n , the r e l a t i v e magnitudes 
of the possible loss processes, i . e . flow l i n e i n t e r c e p t i o n , t u r b u l e n t 
and r e c i r c u l a t i o n impaction, g r a v i t a t i o n a l and c e n t r i f u g a l d e p o s i t i o n , 
are unknown and c a l c u l a t i o n s based upon these t h e o r e t i c a l consider-
a t i o n s are only accurate t o w i t h i n an order of magnitude (109). 
However, the trends shown by the aerosol p a r t i c l e s i z e d i s t r i b u t i o n s 
w i t h f l o w r a t e f o r the DPSC w i t h and wit h o u t a 3 mm i n j e c t o r suggest 
t h a t flow l i n e and r e c i r c u l a t i o n e f f e c t s are important. 
Using the dimensions of the DPSC (Figure 3.6) and s u b s t i t u t i n g 
i n t o equation 3.1 f o r the Reynolds number t o a s c e r t a i n whether, 
t h e o r e t i c a l l y , laminar or t u r b u l e n t flow i s present along the outer 
pass t o the e x i t , the f o l l o w i n g values of Re were obtained. With 
P = 1.78 X 10"^ g cm"^, V = k.l6 cm s"^ (1.5 1 min"^), 1.39 cm s"^. 
(0.5 1 min'^), Tv = 221.7 x 10"^ P and d = 2.77 cm ( c a l c u l a t e d from the 
cr o s s - s e c t i o n a l area of the annulus o f t r a v e l along the outer pass and 
expressed as a pipe of diameter 'd' having the same area) then Re = 93 
at 1,5 1 min'-'' and 31 a t 0.5 1 min"^. 
This i n d i c a t e s t h a t laminar f l o w i s t h e o r e t i c a l l y present along the 
outer pass t o the e x i t of the spray chamber. For p a r t i c l e s t o obey 
Stokes law, a Reynolds number of less than 1 i s required (109), At a 
flow r a t e o f 1.5 1 min"^ a gas v e l o c i t y o f 4.2 cm s'^ i s c a l c u l a t e d 
along the outer pass t o the e x i t , which gives a threshold p a r t i c l e 
diameter i n excess o f 60 pm (0.2 Re). The p a r t i c l e number (Kp), 
equation 3.4, which i s required t o be less than 3.3 f o r an aerosol 
p a r t i c l e t o be considered i n u n i n t e r r u p t e d laminar f l o w , i s c a l c u l a t e d 
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to be 1.3 f o r a f^O gm p a r t i c l e . As Kp decreases w i t h diameter, a l l 
p a r t i c l e s below ^0 pm can be considered e l i g i b l e under the c o n d i t i o n s 
used. Equations 3.5 and 3.6 (110) estimate the t e r m i n a l s e t t l i n g 
diameter d j ^ and 50% c u t - o f f diameter, d^^Q, due t o g r a v i t a t i o n a l 
e f f e c t s i n a laminar flow system. The values c a l c u l a t e d f o r the outer 
p a s s - t o - e x i t gas stream are shown i n Table 3.13. 
Vg i s the gas v e l o c i t y i n the outer pass region of the spray chamber 
and Tj. i s the residence time f o r a p a r t i c l e t o t r a v e l the 90 mm from 
j u s t i n f r o n t of the impaction w a l l t o the DPSC e x i t . Only p a r t i c l e s 
t h a t can remain above the outer surface o f the inner pass were 
considered. Those which drop below the crown of the outer surface are 
considered ' l o s t ' due t o the s e t t l i n g forces and would t h e o r e t i c a l l y 
have l i t t l e chance of r i s i n g up t o the e x i t p o i n t . I t can be seen t h a t 
the values f o r the 50% c u t - o f f diameter, d^^Q, are s i m i l a r t o those 
values found f o r the mean population and volume diameters of aerosols 
e x i t i n g a double pass spray chamber w i t h and wi t h o u t a 2 mm i n j e c t o r . 
.(Table 3.7, experiments 28 to 3^ and Table 3.7, experiments 2^ t o 27), 
The t e r m i n a l s e t t l i n g diameters compare favourably w i t h the range seen 
f o r the secondary mode (d2) o f the % volume d i s t r i b u t i o n s but are much 
higher than the bulk of the population d i s t r i b u t i o n p a r t i c l e diameters. 
The coincidence of the mean p a r t i c l e diameters measured i n the aerosols 
w i t h those (d^^Q) c a l c u l a t e d t o be l i m i t e d by s e t t l i n g e f f e c t s i n a 
laminar flow system i n d i c a t e s t h a t f o r t h i s design of spray chamber 
the g r a v i t a t i o n a l loss process cannot be r u l e d out. I t i s not possible 
t o estimate from the experimental data the magnitude of any s i n g l e l o s s 
process along the outer pass. 
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TABLE 3,13 
S e t t l i n g diameters d jy and d^ Q^ c a l c u l a t e d f o r the outer pass a t four 
flow r a t e s 
Flow r a t e / 1 min"-*- Vg/cm s""^  T^/s dj^/fjm ^c50^\^^ 
1.5 4.2 2.2 41.2 8.4 
1.1 3,0 3.0 35.3 7.2 
0.75 2.1 4.3 29,1 5,9 
0.5 1.4 6.5 23.8 4.9 
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I t i s of note t h a t w h i l e the inner pass i s shown to be i n a t u r b u l e n t 
s t a t e and c a l c u l a t i o n s suggest, together w i t h some experimental 
evidence, t h a t the outer pass region s e t t l e s t o a laminar flow s t a t e 
the degree or extent of turbulence a t the flow r e v e r s a l p o i n t ( i n n e r t o 
outer passes w i t h expansion chamber and impaction w a l l ) i s unknown. 
While a number o f workers have i n v e s t i g a t e d aerosol d r o p l e t d i s t r i b -
u t i o n s by l a s e r d i f f r a c t i o n techniques (86, 96, 101, 104, 109) i t i s 
evident t h a t each n e b u l i s e r , spray chamber and i n j e c t o r system produces 
a unique d r o p l e t d i s t r i b u t i o n which i s also dependent upon the con-
d i t i o n s employed, i . e . gas and l i q u i d f l o w rates (and possibly the 
laser instrument used). This i s r e a d i l y seen i n the work by Olsen and 
Strasheim (104), who measured the aerosols emitted from a Plasma therm 
t o r c h coupled t o a DPSC and using f o u r d i f f e r e n t n e b u l i s e r s , the r e s u l t 
being four t o t a l l y d i f f e r e n t population and volume d i s t r i b u t i o n s . 
Routh (101) measured the median d r o p l e t diameter and volume d i s t r i b -
u t i o n s of aerosols produced by s i x nebuliser/spray chamber/injector 
systems. Routh noted the decrease i n median diameter w i t h both 
increase i n gas f l o w r a t e and p o s i t i o n along the sample i n t r o d u c t i o n 
system. The same trends are seen i n the s e r i e s o f experiments 1 t o 42. 
The aerosol median diameters measured by Routh using the ne b u l i s e r / 
c o n i c a l spray chamber/injector system are smaller (^^5 jam) than any of 
the mean values found using a s i m i l a r c o n i c a l spray chamber assembly 
(7-10 pm). This may be due t o the absence o f an impact bead i n the 
spray chamber and the use of a l a r g e r bore i n j e c t o r (2-2.2 mm) i n the 
experiments 9 t o 15. The d i s t r i b u t i o n ranges are however s i m i l a r (2 t o 
27 fjm). 
In the s i x combinations of sample i n t r o d u c t i o n , Routh a l s o included the 
measurement o f aerosols from a Perkin-Elmer cross-flow n e b u l i s e r / S c o t t 
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DPSC and i n j e c t o r . The range (2 t o 18 pm) and median p a r t i c l e diameter 
(5 ;jm) are comparable t o those seen i n experiments 32 to 3^ which used 
a DPSC w i t h 2 mm i n j e c t o r a t 0.75 and 0.5 1 min"-^ flow r a t e (range 1.6 
to 17 ;jm, volume mean s i z e 5.7 - 6.7 pm). 
(c) Organic Aerosols 
Tables 3.9 and 3.10 show the rel e v a n t population and volume data 
obtained from organic l i q u i d aerosols measured a t the e x i t o f a 2 mm 
i n j e c t o r /DPSC assembly (experiments ^3 t o ^ 6, Figures 3.16 (a) t o (d) 
and 3.3^ (a) to ( d ) ) . For comparison the data f o r an aqueous aerosol 
produced under s i m i l a r c o n d i t i o n s i s also shown (experiment 32, Figures 
3.16 (e) and 3.35 ( c ) ) . The population data shows t h a t the a d d i t i o n of 
xylene t o the white s p i r i t t o form a 1:1 mixture r e s u l t s i n a broad-
ening of the d i s t r i b u t i o n s (from 12 t o 17 pm), an increase i n f i n e s and 
s h i f t of the mean diameter t o l a r g e r p a r t i c l e s i z e . The mode however 
i s not a f f e c t e d . The volume data shows a marked d i f f e r e n c e between the 
white s p i r i t and the 1:1 white s p i r i t / x y l e n e m i x t u r e . The mean d i a -
meter and mode of the d i s t r i b u t i o n are moved t o l a r g e r p a r t i c l e s i z e 
and the volume d i s t r i b u t i o n becomes multimodal w i t h a secondary d i s t -
r i b u t i o n (d2) up t o 37 fjm. A doubling of the number density i s also 
evident, together w i t h a f i v e - f o l d increase i n the volume f l u x . These 
e f f e c t s are a r e s u l t of the ph y s i c a l p r o p e r t i e s o f the l i q u i d s them-
selves, i . e . surface t e n s i o n , v i s c o s i t y , vapour pressure and d e n s i t y , 
which also accounts f o r the d i f f e r e n t p o p u l a t i o n and volume d i s t r i b -
u t i o n s and data obtained from the aqueous system. For a more d e t a i l e d 
study the reader i s d i r e c t e d t o work by Browner and Boom (116) and 
Sharp (105). 
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The experimental s e r i e s if3 t o ^ f6 was i n i t i a l l y set up to a s c e r t a i n i f 
the presence of the si l i c o n - b a s e d l i p o p h y l i c s u r f a c t a n t modified the 
p a r t i c l e s i z e d i s t r i b u t i o n of the organic aerosol and i t s volume flow 
r a t e . Both population and volume data i n d i c a t e t h a t there i s no 
s i g n i f i c a n t d i f f e r e n c e between aerosols produced from a 1:1 white 
s p i r i t / x y l e n e mixture w i t h and wit h o u t the s u r f a c t a n t . The p o s i t i v e 
i n t e r f e r e n c e from the plasma s i g n a l f o r those s o l u t i o n s which contained 
the s u r f a c t a n t i s t h e r e f o r e presumably due t o a chemical/matrix e f f e c t 
i n the plasma. 
3.^.2.3 Conclusions 
Both population and volume d i s t r i b u t i o n data are necessary f o r a 
mechanistic study t o be made of the formation and t r a n s p o r t a t i o n of 
aerosols i n a sample i n t r o d u c t i o n system. A phase/Doppler spray 
analyser provides t h i s i n f o r m a t i o n i n the c r i t i c a l region 1 t o ^0 pm 
together w i t h v e l o c i t y c h a r a c t e r i s a t i o n . Population d i s t r i b u t i o n s of 
primary aerosols are monomodal and cover the range 20 pm down t o below 
1 pm. Mean and mode p a r t i c l e diameters are of the order 7 to 10 /jm, 
Volume d i s t r i b u t i o n s are multimodal w i t h an increased p a r t i c l e s i z e 
range from 3 up t o 37 |jm. Volume mean sizes are of the order of 13 pm. 
Increasing the gas flow r a t e from 0.75 t o 1.5 1 min"-*- Increases the 
e f f i c i e n c y of aerosol formation and decreases the p a r t i c l e s i z e (hence 
an increase i n the c o n t r i b u t i o n from f i n e s ) . 
When an aerosol i s contained i n a c o n i c a l SPSC (w i t h o u t impact bead) 
the p o p u l a t i o n d i s t r i b u t i o n shows an increase i n p a r t i c l e s i z e range 
and mean diameters which can only be accounted f o r by p a r t i c l e 
coagulation e f f e c t s . 
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The presence of an i n j e c t o r modifies the p a r t i c l e s i z e d i s t r i b u t i o n , 
causing the l o s s of the l a r g e r p a r t i c l e s , reducing the range 
( p o p u l a t i o n range 18 jjm down to below 1.1 pm) and moves the pop u l a t i o n 
p a r t i c l e s i z e mean and mode values t o the region 6 t o 9 pm (volume data 
7 t o 11 pm). A 3 mm i n j e c t o r allows a greater f r a c t i o n of l a r g e r 
aerosol p a r t i c l e s t o pass t o a plasma (8 to 9 fjm mean values) than a 2 
mm i n j e c t o r (6 t o 8 pm mean va l u e s ) . On a % volume basis t h i s e f f e c t 
i s more pronounced (2 mm, 7 t o 10 pm mean values; 3 mm, 10 t o 12 pm), 
showing a greater c o n t r i b u t i o n from the secondary mode (20 t o 36 pm). 
As a consequence the volume (oc mass) f l u x o f an aerosol from a 3 mm 
i n j e c t o r i s twice t h a t from the 2 mm i n j e c t o r . I t i s noted t h a t the 
mean p a r t i c l e s i z e decreases w i t h increase i n gas flow r a t e , which can 
be explained i n terms of b a l l i s t i c / t u r b u l e n t impaction. 
Aerosols formed from 196 m/v s l u r r i e s show no s i g n i f i c a n t d i f f e r e n c e s t o 
those formed from s o l u t i o n s ( 0 . 1 % SHHP) under the same flow c o n d i t i o n s , 
whether a t the nebuliser or e x i t i n g from a 2 or 3 mm inJector/SPSC 
system. 
The double pass spray chamber study showed t h a t the aerosol t h a t e x i t s 
from an inner pass has a s i m i l a r d i s t r i b u t i o n t o t h a t of the primary 
aerosol from the n e b u l i s e r , the population and volume mean p a r t i c l e 
diameters being very close i n value. Increasing the gas flow r a t e 
(0.75 t o 1.5 1 min"-^) has l i t t l e e f f e c t on the population and volume 
mean values of the aerosols e x i t i n g from an inner pass and i s an 
i n d i c a t i o n of the dominant t u r b u l e n t forces t h a t e x i s t i n t h i s r e g i o n . 
The l o s s i n volume f l u x terms due t o t u r b u l e n t induced impaction i s 
however very high and values suggest t h i s t o be the major loss p o i n t i n 
the sample i n t r o d u c t i o n system. Aerosols measured a t the e x i t o f the 
DP5C show s i m i l a r p opulation (9.5-10 pm) and volume (12-13 pm) means to 
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those from the inner pass at a flow r a t e of 0.75 1 min'^. At 1.5 1 min'^ 
flow r a t e the population mean p a r t i c l e s i z e decreases t o 7-8 fjm (from 
volume data 10 ^ m), suggesting a b a l l i s t i c loss process i s t a k i n g 
place. This i s also seen i n the population range, which decreases 
s l i g h t l y when going from the inner pass t o the DPSC e x i t a t the higher 
gas flow r a t e . 
As w i t h the SPSC, the presence of an i n j e c t o r modifies the aerosol 
d i s t r i b u t i o n from a DPSC, decreasing the pop u l a t i o n mean and mode 
p a r t i c l e s i z e t o 5-7 \sm i n both cases and decreasing the p a r t i c l e s i z e 
range. M e c h a n i s t i c a l l y the 3 mm acts d i f f e r e n t l y t o t h a t of the 2 mm 
i n j e c t o r . The 3 mm i n j e c t o r allows an increase i n the population mean 
and mode p a r t i c l e sizes w i t h a decrease i n the gas flow r a t e and may be 
a c t i n g l i k e the l a r g e e x i t (^f.S mm) from the DPSC, i . e . a l l o w i n g the 
t u r b u l e n t / b a l l i s t i c processes seen w i t h the DPSC alone t o be the 
dominant loss mechanism. The 2 mm i n j e c t o r shows an increase i n both 
population and volume mean p a r t i c l e diameters w i t h increase i n flow 
r a t e . The mode diameters also show t h i s t r e n d . One explanation i s 
t h a t the more r e s t r i c t i v e 2 mm bore causes an increase i n residence 
time f o r p a r t i c l e s and allows g r a v i t a t i o n a l e f f e c t s t o become s i g -
n i f i c a n t . T h e o r e t i c a l c a l c u l a t i o n s show t h a t the gas t r a i n from the 
outer pass t o the e x i t i s i n laminar flow and t h a t s e t t l i n g diameters 
f o r 50% loss (5 t o 8 pm) are of the same order as those mean diameters 
measured e x i t i n g the spray chamber/injector system (5 t o 7 jjm). 
Aerosols formed from 1 % m/v s l u r r i e s show no s i g n i f i c a n t d i f f e r e n c e to 
those formed from s o l u t i o n s ( 0 . 1 % SHMP) under the same c o n d i t i o n s . 
This was found t o hold throughout the DPSC sample i n t r o d u c t i o n system, 
even t o the m e c h a n i s t i c a l l y d i f f e r e n t e f f e c t s seen w i t h the 2 and 3 mm 
i n j e c t o r s . 
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The organic aerosols measured above the 2 mm injector/DPSC system show 
a marked d i f f e r e n c e t o those of aqueous aerosols produced under s i m i l a r 
c o n d i t i o n s . The white s p i r i t aerosol i s noted t o be very d i f f e r e n t t o 
t h a t of a 1:1 white s p i r i t / x y l e n e aerosol, the l a t t e r showing a broader 
d i s t r i b u t i o n w i t h a s h i f t of the mode (volume) and mean values t o 
l a r g e r p a r t i c l e s i z e . The presence of the l i p o p h i l i c s i l i c o n - b a s e d 
s u r f a c t a n t i n the 1:1 white s p i r i t / x y l e n e medium does not s i g n i f i c a n t l y 
modify an aerosol produced from the medium alone. 
3.5 THE MEASUREMENT OF SLURRY SOLID PARTICLE SIZE IN AEROSOLS USING 
INTRUSIVE IMPACTOR TECHNIQUES 
3.5.1 I n t r o d u c t i o n 
The cascade impactor method was chosen because i t would t h e o r e t i c a l l y 
allow those parameters concerning s l u r r y aerosols to be c a l c u l a t e d , 
( i ) aerosol s i z e s , ( i i ) s o l i d p a r t i c l e s i z e s , and ( i i i ) t r a n s p o r t 
e f f i c i e n c e s . 
The theory and design of the impactor i s o u t l i n e d i n Section 3.3.2. 
3.5.2 Experimental 
A Mark I I I Andersen stack sampler (Andersen Samplers I n c . , A t l a n t a , 
Georgia, U.S.A.) was p o s i t i o n e d above the e x i t p o i n t of a 3 mm bore 
i n j e c t o r which was connected t o a Scott type double pass spray chamber 
(DPSC) as shown i n Figure 3.36. The stack sampler was f i t t e d w i t h a 
pre-impactor attachment i n order t o separate and c o l l e c t aerosol 
p a r t i c l e s of over 12 fjm i n s i z e and allow those below 12 /jm t o be 
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FIGURE 3.36 
Diagram of the Andersen stack sampler and double pass spray 
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c o l l e c t e d as f r a c t i o n s on pre-weighed glass f i b r e papers s i t t i n g on the 
pl a t e s i n the impactor body. S l u r r i e s o f 2.5 and 5% m/v concentration 
were used i n these experiments and were prepared by the microniser 
method o u t l i n e d i n Chapter 2. These were fed to a Kel-F Ebdon 
nebuliser (PS A n a l y t i c a l Sevenoaks, Kent, UK) by a p e r i s t a l t i c pump a t 
a flow r a t e of 0.8 ml min"^. Various argon flow r a t e s were used t o 
convey s l u r r y aerosols t o the cascade impactor, 0.75 t o 1.6 1 ;„-l min 
flow r a t e , and t o t a l i s o k i n e t i c sampling was performed. A l l the s o l i d 
m a t e r i a l c o l l e c t e d by the impactor was weighed and t r a n s p o r t e f f i c i e n -
c i e s were c a l c u l a t e d , based upon these values and the pre- and post-
n e b u l i s e r s t a r t i n g s l u r r y weights. For comparison, a 1 % m/v sodium 
c h l o r i d e s o l u t i o n aerosol produced at 0,76 1 min"-^ gas flow r a t e was 
c o l l e c t e d . The metered draw f o r the cascade impactor was supplied by a 
1/2 HP l a b o r a t o r y compressor f i t t e d w i t h an i n - l i n e c a l i b r a t e d f l ow 
meter. A l l s o l i d p a r t i c l e sizes were measured on a Coulter Counter 
T A I L 
3.5.3 Results and Discussion 
The p a r t i c l e s i z e d i s t r i b u t i o n of the 5% ore s t a r t i n g s l u r r y (SA1/C120) 
and t h a t o f the redispersed s o l i d f r a c t i o n s from the cascade impactor 
matched t o the 1.6 1 min"^ argon flow r a t e experiment are shown i n 
f i g u r e s 3.37 and 3.38. I t i s seen t h a t the p a r t i c l e s i z e range of the 
ore from the cascade impactor, 0.7 t o 5 ^ m, i s markedly d i f f e r e n t from 
the s t a r t i n g s l u r r y , 0.7 t o 12 pm. The modes o f the two d i s t r i b u t i o n s 
are a l s o d i f f e r e n t ; the impactor c o l l e c t e d m a t e r i a l being f i n e r , 1 t o 2 
pm, than the s t a r t i n g s l u r r y , 3 t o ^  pm. Figure 3.39 shows the % mass 
f r a c t i o n s c o l l e c t e d by the impactor against aerosol s i z e . The s o l i d 
s i z e ranges shown i n Figure 3.38 do not c o r r e l a t e e x a c t l y w i t h the 
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aerosol s i z e f r a c t i o n s shown i n Figure 3.39 except i n trend. I n most 
cases the aerosol s i z e i s smaller than the s o l i d p a r t i c l e s i z e . 
Two possible explanations f o r t h i s r e s u l t are the e f f e c t s of extensive 
evaporation of the l i q u i d envelope from the s l u r r y p a r t i c l e s on l e a v i n g 
the i n j e c t o r and the unknown density of the s l u r r y aerosol, i . e . l a r g e 
d e v i a t i o n from the t h e o r e t i c a l 1 g cm"-^ . The former explanation i s 
most l i k e l y because the s l u r r y aerosol p a r t i c l e passes from a saturated 
argon atmosphere i n the i n j e c t o r a t a gas flow r a t e o f 1.6 1 min"-*- to 
normal l a b o r a t o r y a i r i n the impactor a t a flow r a t e of 17 1 min'^ ( i n 
order t o i s o k i n e t i c a l l y sample the t o t a l a e r o s o l ) . By the time 
impaction takes place, a dry or near-dry s l u r r y p a r t i c l e may have been 
c o l l e c t e d . Hence, wh i l e the % mass f r a c t i o n versus aerosol s i z e graphs 
do not show accurate aerosol s i z e , they do serve t o show the comparat-
i v e grading of the aerosol f r a c t i o n s c o l l e c t e d . I t i s o f i n t e r e s t t o 
note t h a t the pre-impactor which t h e o r e t i c a l l y separates aerosol 
p a r t i c l e s over 12 pm from the b u l k , c o l l e c t e d some 18% by mass of the 
t o t a l s o l i d p a r t i c l e s , none of which were over 5 pm i n s i z e . This 
trend i s seen i n a l l the mass f r a c t i o n graphs r e l a t i n g t o the f i r s t 
s e r i e s o f 2.5 and 5% m/v s l u r r y experiments (Figures 3.39 to 3.if2). 
When a f i n e r s t a r t i n g ore s l u r r y (2.5% m/v) was conveyed to the 
impactor (Figure 3.^3) a t an argon flow r a t e of 0.75 1 min'^, the 
p a r t i c l e s i z e d i s t r i b u t i o n of the s o l i d s c o l l e c t e d on the p l a t e s 
(Figure 3.^4) show t h a t r e p r e s e n t a t i v e s i z e t r a n s p o r t a t i o n occurred. 
The range and mode being very close i n both sets (range 0.7 to 6 pm; 
mode 1 t o 2 pm). I t i s t h e r e f o r e i n d i c a t e d t h a t under the above 
c o n d i t i o n s r e p r e s e n t a t i v e t r a n s p o r t a t i o n of a s l u r r y takes place, w i t h 
respect t o p a r t i c l e s i z e , when the maximum s o l i d p a r t i c l e s i z e i s below 











By volume p a r t i c l e size d i s t r i b u t i o n of the s t a r t i n g ore s l u r r y , 
5% m/V SA1/C120, used i n Cascade impactor study ( i ) . 




By volume p a r t i c l e s i z e d i s t r i b u t i o n s of ore f r a c t i o n s c o l l e c t e d 
by Cascade impactor ( s t u d y ( i ) ) from aerosol e x i t i n g a double pass 










By w e i g h t a e r o s o l s i z e d i s t r i b u t i o n of 5% m/V o r e s l u r r y , 
SA1/C120, c o l l e c t e d by Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm i n j e c t o r at 1.6 1 min~^ 
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FIGURE 3.40 
By weight aerosol siz e d i s t r i b u t i o n of 5% m/V ore s l u r r y SA1/C120, 
c o l l e c t e d by Cascade impactor (study ( i ) ) from aerosol e x i t i n g 
double pass spray chamber w i t h 3mm i n j e c t o r at 0.85 1 min 













AEROSOL DIAMETER /pm 
FIGURE 3.41 
By weight a e r o s o l s i z e d i s t r i b u t i o n of 2.5% m/V ore 
SA1/C120, c o l l e c t e d by Cascade impactor (study ( i ) ) from 
e x i t i n g double pass spray chamber w i t h 3mm i n j e c t o r at 1.6 1 min 
gas flow r a t e . 












AEROSOL DIAMETER /fjm 
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FIGURE 3.42 
By weight a e r o s o l s i z e d i s t r i b u t i o n of 2.5% m/V ore s l u r r y 
SA1/C120, c o l l e c t e d by Cascade impactor (study ( i ) ) from aerosol 
e x i t i n g double pass spray chamber w i t h 3mm i n j e c t o r at 0.85 1 
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FIGURE 3.43 
By volume p a r t i c l e s i z e d i s t r i b u t i o n of the s t a r t i n g ore s l u r r y , 










By volume p a r t i c l e s i z e d i s t r i b u t i o n s of ore f r a c t i o n s c o l l e c t e d 
by Cascade impactor (study ( i i ) ) from aerosol e x i t i n g a double 
pass spray chamber w i t h 3mm i n j e c t o r at 0.75 1 min"^ gas f l o w 
r a t e . 
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By weight aerosol si z e d i s t r i b u t i o n s of (a) 2.5% m/V ore s l u r r y 
SA1/C120, c o l l e c t e d by Cascade impactor (study ( i i ) ) and (b) 1% 
m/V sodium c h l o r i d e s o l u t i o n from aerosol e x i t i n g a double pass 
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The % mass f r a c t i o n against aerosol s i z e d i s t r i b u t i o n f o r the f i n e r 
2.5% ore s l u r r y (0.75 1 min"^) i s shown i n Figure 3.^5 together w i t h 
the mass f r a c t i o n d i s t r i b u t i o n f o r the 1 % m/v sodium c h l o r i d e s o l u t i o n 
c o l l e c t e d under the same c o n d i t i o n s . While the d i s t r i b u t i o n s are very 
d i f f e r e n t , the s l u r r y being coarser due t o the presumed evaporation 
e f f e c t s p r e v i o u s l y mentioned, the mass t r a n s f e r e f f i c i e n c y (MTE) o f the 
two experiments i s the same. As mass t r a n s f e r e f f i c i e n c y , i n t h i s 
case, i s designated 
as 
%MTE = t o t a l mass of s l u r r y c o l l e c t e d i n impactor xlOO (3.9) 
t o t a l mass o f s l u r r y ( s o l i d ) e n t e r i n g nebuliser 
then r e p r e s e n t a t i v e mass t r a n s p o r t i s also i n d i c a t e d f o r f i n e s l u r r i e s 
.compared w i t h s o l u t i o n s . 
Table 3.1^ shows the mass t r a n s f e r e f f i c i e n c i e s f o r the experiments 
performed w i t h the cascade impactor. 
The % MTE values i n Table 3.1^^ i n d i c a t e t h a t mass t r a n s f e r e f f i c i e n c y 
increases w i t h gas f l o w r a t e . This e f f e c t has been noted by a number 
of workers (109, 110, 117), but i s dependent upon the feed r a t e of the 
s o l u t i o n being constant. The % MTE decreases w i t h increased feed r a t e 
f o r a constant gas flow (109, 110). The increase i n MTE w i t h gas flow 
r a t e i s a t t r i b u t e d t o the increase i n nebu l i s e r e f f i c i e n c y r e s u l t i n g i n 
a f i n e r aerosol d i s t r i b u t i o n , w i t h fewer losses i n the SIS. The range 
of the MTE values a t the gas f l o w r a t e s shown compare more than 
TABLE 3.U 
Mass t r a n s p o r t efficiences"^ (MTE) c a l c u l a t e d from cascade 
impactor s t u d i e s 
% S l u r r y (m/v) Argon flow r a t e 1 min"-*- % MTE 
5 1.6 1.73 
2.5 1.6 1.97 
5 0.85 0.48 
2.5 0.85 1.12 
2.5 0.75 0.76 
1% NaCl S o l " 0.75 0.77 
1. c a l c u l a t e d from equation (3.9) constant l i q u i d f l ow r a t e 0.8 ml min"-'-
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favourably w i t h those of Kate (117), Ebdon and Cave ( 5 8 ) , C u l l e t a l . 
(102), and Browner and Boorn ( 8 9 ) , showing values of 0.5 t o 2%. 
Considering the range of d i f f e r e n t systems used by the above workers, 
e.g. concentric and Babington n e b u l i s e r s , double and s i n g l e pass spray 
chambers, 1 t o 2 mm bore i n j e c t o r s , feed r a t e s of 0,5 t o 2 ml min"^ and 
gas flows of 0.5 t o 1.5 1 min"^, the values obtained would appear t o be 
t y p i c a l and are a f u r t h e r i n d i c a t i o n of the close modelling of 
s o l u t i o n s by s l u r r i e s under the c o n d i t i o n s used. 
3.5.^ Conclusions 
I t i s necessary f o r c e r t a i n ores, which are multicomponent and t h e r e -
f o r e p o l y d e n s i t i c , t o be ground t o l e s s than 5 t o 6 fjm before repres-
e n t a t i v e t r a n s p o r t a t i o n , i n terms o f p a r t i c l e s i z e , o f the s t a r t i n g 
s l u r r y can occur. Fine s l u r r i e s of t h i s nature show comparable mass 
t r a n s f e r e f f i c i e n c y w i t h s o l u t i o n s i n d i c a t i n g t h a t simple s o l u t i o n s can 
be used f o r c a l i b r a t i o n , assuming t h a t no atomisation e f f e c t s are 
present i n a plasma. 
3.6 THE MEASUREMENT OF SLURRY SOLID PARTICLE SIZE IN AEROSOLS USING THE 
INTRUSIVE BOTTLE COLLECTION METHOD 
3.6.1 I n t r o d u c t i o n 
I n order t o e s t a b l i s h i f gas flow r a t e and i n j e c t o r bore a f f e c t e d the 
d i s t r i b u t i o n o f s o l i d p a r t i c l e s reaching the plasma, a se r i e s o f 
experiments varying the above parameters was undertaken. 
I i f 8 
3.6.2 Experimental 
An Ebdon nebuliser (V-groove type, PS A n a l y t i c a l , Sevenoaks, Kent, 
U.K.), Scott double pass spray chamber and i n j e c t o r s w i t h bore 
diameters 1.1, 2.2, 3.2 and 3.6 mm were used i n the experiments. 
S l u r r i e s of 5% m/v were prepared i n 0.1% m/v sodium hexametaphosphate 
s o l u t i o n from the post Tema mi l l - g r o u n d ore I n order t o disperse 
the dry-ground coarse ore ( p a r t i c l e s i z e range 0.6 t o ^ fO ;jm), s l u r r y 
concentrates were immersed i n an u l t r a s o n i c bath f o r three minutes 
p r i o r t o d i l u t i o n . 
A p e r i s t a l t i c pump (Watson and Marlow) was used t o d e l i v e r 2.9 ml min'^ 
of the s t i r r e d s l u r r y t o the ne b u l i s e r and a regulated argon supply 
transported the s l u r r y aerosol through the spray chamber to the various 
i n j e c t o r s . The p a r t i c l e s were then c o l l e c t e d by chan n e l l i n g the 
aerosol through a f l e x i b l e p l a s t i c pipe t o a s o l u t i o n o f 0.1% SHMP ( t o 
maintain the dis p e r s i o n ) contained i n a 30 ml Nalgene b o t t l e . An i n -
l i n e needle valve flow meter c o n t r o l l e d the flow of argon t o the 
nebuli s e r and gas flow r a t e s of 0.66, 1.73 and 3.^ 1 min*^ were used. 
The p a r t i c l e s i z e d i s t r i b u t i o n s were measured on a Coulter Counter 
T A I L 
3.6.3 Results and Discussion 
The d i s t r i b u t i o n r e s u l t s are shown i n g r a p h i c a l form i n Figures 3.^6 to 




Table of cross-referenced f i g u r e s t o the aerosol b o t t l e 
c o l l e c t i o n experiments performed 
Gas Flow Rate / 1 min"-*-
I n j e c t o r 0 0.66 1.73 3.4 
Bore/mm 
1.1 f i g 3.46 (a) f i g 3.46 (b) f i g 3.46 (c) f i g 3.46 (d) 
2.2 f i g 3.47 (a) - f i g 3.47 (b) f i g 3.47 (c) 
3.2 f i g 3.48 (a) f i g 3.48 (b) f i g 3.48 (c) f i g 3.48 (d) 





- I O > 
By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 5% ore s l u r r y , J+L4, 
acquired by the b o t t l e c o l l e c t i o n method from aerosols e x i t i n g a 
double pass spray chamber w i t h 1.1mm i n j e c t o r at gas flow rates 
(b) 0.66, (c) 1.73, 
d i s t r i b u t i o n ( a ) . 
(d) 3.4 1 min together w i t h s t a r t i n g s l u r r y 
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D - I O > 
By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 5% m/V ore s l u r r y , J+L4, 
acquired by the b o t t l e c o l l e c t i o n method, from aerosols e x i t i n g a 
double pass spray chamber w i t h 2.2 mm i n j e c t o r at gas flow rates 
(b) 1.73, (c) 3.4 1 min'^ together w i t h s t a r t i n g s l u r r y d i s t r i b u -
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FIGURE 3.48 
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By volume p a r t i c l e s i z e d i s t r i b u t i o n s of 5% m/V ore s l u r r y , J+L4, 
acquired by the b o t t l e c o l l e c t i o n method, from aerosols e x i t i n g a 
double pass spray chamber w i t h 3^ 2mm i n j e c t o r at gas flow rates 
(b) 0.66, (c) 1-73, (d) 3.4 1 min ^  together w i t h s t a r t i n g s l u r r y 
d i s t r i b u t i o n ( a ) . 
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By volume p a r t i c l e size d i s t r i b u t i o n s of 5% m/V ore s l u r r y , J-t'L4, 
acquired by the b o t t l e c o l l e c t i o n method, from aerosols e x i t i n g a 
double pass spray chamber w i t h 3.6np i n j e c t o r at gas flow rates of 
(b) 0,66, (c) 1.73, (d) 3.4 1 min'^ together w i t h s t a r t i n g s l u r r y 
d i s t r i b u t i o n ( a ) . 
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I n most cases the p a r t i c l e s i z e range of the p o s t - i n j e c t o r m a t e r i a l i s 
between 0.6 and 6.3 pm and d i f f e r s markedly from the broad s t a r t i n g 
s l u r r y d i s t r i b u t i o n (0.6 t o ^vO ;jm). A l l the p o s t - i n j e c t o r d i s t r i b -
u t i o n s show a loss i n the f r a c t i o n of s l u r r i e d m a t e r i a l above the 6 t o 
8 pm channel and a gain i n the f r a c t i o n of smaller s i z e m a t e r i a l , 0.63 
to 5 pm, compared w i t h the s l u r r i e s before n e b u l i s a t i o n . 
The p o s i t i o n of the d i s t r i b u t i o n maxima (mode)is not s i g n i f i c a n t l y 
changed by the s i z e o f the i n j e c t o r bore and i n most cases the mode of 
the d i s t r i b u t i o n from the post-nebulised m a t e r i a l i s the same as t h a t 
of the s t a r t i n g s l u r r y . The shape of the d i s t r i b u t i o n mode from the 
post-nebulised s l u r r i e s a l s o models t h a t o f the s t a r t i n g s l u r r y . 
For a constant bore s i z e , 2.2, 3.2 and 3.6 mm, an increase i n gas flow 
r a t e , 0.66 up t o 3A 1 min"-^ increases the c o n t r i b u t i o n from the l a r g e r 
s i z e p a r t i c l e s and decreases the percentage volume value of the mode of 
the d i s t r i b u t i o n . 
Small d i f f e r e n c e s are seen, however, i n the modes of the d i s t r i b u t i o n s 
e x i t i n g the 1.1 mm i n j e c t o r a t d i f f e r e n t gas flow r a t e s . One possible 
e x p l a n a t i o n i s t h a t f o r a 1.1 mm i n j e c t o r any f l o w r a t e above 1.5 1 min'^ 
i s t u r b u l e n t (Reynolds number >2300) and the flow p a t t e r n f o r the 
p a r t i c l e s i s d i f f e r e n t above and below the c r i t i c a l f l o w r a t e . While 
no change i s observed i n the mode of the d i s t r i b u t i o n s e x i t i n g the 
2.2 mm i n j e c t o r i t i s of note t h a t the gas flow through t h i s bore a t 
1.7 1 min"-^ i s c a l c u l a t e d t o be laminar, but a t 3.^ ^ 1 min"^ the f l o w i s 
t u r b u l e n t . 
The ore used (3+L4) i n the study i s a mixture of e i g h t major minerals 
each w i t h a separate d e n s i t y (2 to 8 g cm"-^ ) and p a r t i c l e size d i s t -
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r i b u t i o n . The d i s t r i b u t i o n c o l l e c t e d a t the top of the i n j e c t o r i s the 
r e s u l t of many d i f f e r e n t e f f e c t s , e.g. primary aerosol formation, 
t u r b u l e n t and laminar f l o w , g r a v i t a t i o n , impaction, c e n t r i f u g a t i o n , 
drag and i n e r t i a , each a c t i n g t o d i f f e r e n t degrees. Also the 
suspension medium, water, i s associated w i t h the p a r t i c l e s , u s u a l l y 
present as a c o a t i n g , which a l t e r s the p a r t i c l e s i z e and density of the 
s o l i d analyte being t r a n s p o r t e d t o the plasma. As y e t no s i n g l e model 
f u l l y describes the processes which occur w i t h i n a double pass spray 
chamber f o r even simple s o l u t i o n s . However i t i s evident from the 
t r a n s p o r t experiments p r e v i o u s l y described t h a t s l u r r y aerosols can 
model s o l u t i o n s c l o s e l y , even t o the change i n s o l i d p a r t i c l e 
d i s t r i b u t i o n w i t h i n an aqueous envelope t h a t i s changing d i s t r i b u t i o n . 
3.6.^1 Conclusions 
The study shows t h a t the p a r t i c l e s i z e d i s t r i b u t i o n o f the post 
i n j e c t o r m a t e r i a l i s very d i f f e r e n t t o t h a t o f the s t a r t i n g s l u r r y . A 
marked decrease i n p a r t i c l e s over 6 t o 8 i s evident from the d i s t -
r i b u t i o n s and t h i s maximum i s l i t t l e changed w i t h flow r a t e and 
i n j e c t o r bore. The mean and f i n e f r a c t i o n of the d i s t r i b u t i o n s are 
however dependent upon flow r a t e and bore s i z e ; an increase i n e i t h e r 
r e s u l t i n g i n a s h i f t towards a l a r g e r s i z e f r a c t i o n e x i t i n g the 
i n j e c t o r . 
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CHAPTER k 
ELEMENTAL ANALYSIS OF SOLIDS BY 
SLURRY ATOMISATION PLASMA EMISSION SPECTROMETRY. 
i f . l INTRODUCTION 
The i n t r o d u c t i o n of s o l i d samples i n s l u r r y form i n t o plasmas has, as 
pre v i o u s l y o u t l i n e d i n Chapter one, been performed by a number of 
workers (45,^6,58,79,82), The samples analysed f o r major, minor and 
tra c e elemental c o n s t i t u e n t s have covered a broad v a r i e t y of m a t e r i a l s 
which include p l a s t i c s ( 9 6 ) , z e o l i t e s ( 7 5 ) , coals ( 8 1 ) , rocks (8A-), 
minerals (83, 86) and wear o i l s ( 7 6 ) . Several n a t u r a l l y o c c u r r i n g and 
processed m a t e r i a l s y i e l d f u l l recoveries ( s l u r r y value over known 
value equals u n i t y ) f o r some elements by the s l u r r y technique using 
simple c a l i b r a t i o n s o l u t i o n s . I t has also been noted t h a t f o r many 
samples the chemical type, form and p a r t i c l e s i z e of the m a t e r i a l are 
important c r i t e r i a (82, 86). F u l l elemental recoveries w i l l only be 
obtained using aqueous c a l i b r a t i o n i f two c o n d i t i o n s are m e t . ( i ) The 
mass t r a n s p o r t per u n i t time of a p a r t i c u l a r element associated w i t h 
the s l u r r y equals t h a t of the element i n a c a l i b r a t i o n s o l u t i o n of 
equal c o n c e n t r a t i o n and i i ) the atomisation and e x c i t a t i o n processes of 
the s l u r r y p a r t i c l e s model those o f the c a l i b r a t i o n s o l u t i o n s . The 
fundamental questions of t r a n s p o r t phenomena have been discussed i n 
d e t a i l i n Chapter 3 and i l l u s t r a t e the importance of s o l i d p a r t i c l e 
s i z e w i t h respect t o mass t r a n s p o r t . Any supposed e f f e c t s due t o the 
atomisation and e x c i t a t i o n processes of the s l u r r y p a r t i c l e s i n a 
plasma are, however, d i f f i c u l t t o q u a n t i f y due t o the possible presence 
of t r a n s p o r t a t i o n phenomena. 
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This chapter describes the experimental work concerned w i t h the e l u c i d -
a t i o n of both t r a n s p o r t a t i o n and atomisation e f f e c t s f o r a v a r i e t y of 
d i f f e r e n t s o l i d samples i n s l u r r y form using plasma source atomic 
emission spectrometry. I n order t o observe these e f f e c t s w e l l char-
a c t e r i s e d mono and p o l y - d e n s i t i c m a t e r i a l s , some o f a 'hard' and/or 
r e f r a c t o r y nature were chosen f o r the experiments. I n t e r p r e t a t i o n of 
these e f f e c t s was t h e r e f o r e made possible from the elemental recoveries 
compared w i t h c a l i b r a t i o n s o l u t i o n s . 
4.2 INSTRUMENTATION 
I n t h i s study three commercially a v a i l a b l e plasma emission spec-
trometers were used. Two of these instruments were o f the i n d u c t i v e l y 
coupled (IC) design ( 2 5 ) , the Plasmakon S-35 (Kontron S p e k t r a l a n a l y t i k , 
Eching, W. Germany) and the ARL 35000 (ARL, Crawley, Sussex, UK), and 
one of the d i r e c t c u r r e n t design ( i f 2 ) , the Spectraspan I I I A (ARL, 
Crawley, Sussex, UK). These instruments are b r i e f l y described i n 
sections ^.2.1, k,2.2 and ^ .2.3 r e s p e c t i v e l y . 
B a s i c a l l y an i n d u c t i v e l y coupled plasma atomic emission spectrometer 
can be d i v i d e d i n t o f i v e s e c t i o n s . 
( i ) Power supply and ra d i o frequency (RF) generation 
( i i ) Plasma t o r c h and gas supply 
( i i i ) Sample t r a n s p o r t a t i o n 
( i v ) Wavelength s e l e c t i o n and emission d e t e c t i o n 
(v) Data a c q u i s i t i o n and processing. 
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i f . 2 . 1 The Plasmakon S-35 IC Plasma 
The power to the four t u r n , round s e c t i o n , water cooled copper load 
c o i l i s supplied by a 3.5 kW maximum, 27.12 MHz c r y s t a l c o n t r o l l e d RF 
generator which includes a f u l l y automatic tuning capacitor f o r load 
matching. 
The c o n c e n t r i c a l l y mounted t o r c h . Figure ^.Z i s of the large G r e e n f i e l d 
type and comprises a composite PTFE/glass f i b r e (60:40) base f i t t e d 
w i t h a one-piece quartz coolant and a u x i l i a r y body, 29 mm OD and 25 mm 
OD r e s p e c t i v e l y . A separate i n j e c t o r of 3 mm bore i s located i n the 
two-piece base. 
The a l l argon gas supply t o the t o r c h i s regulated by three mass flow 
c o n t r o l l e r s and these come under manual c o n t r o l , as does the RF power 
generator, a f t e r the plasma has been i n i t i a t e d by the high voltage 
t e s l a c o i l under the automatic s t a r t - u p programme. Samples are i n t r o -
duced t o a Kel-F high s o l i d s , V-groove nebu l i s e r (Ebdon type, PS 
A n a l y t i c a l , Sevenoaks, Kent, UK) by a p e r i s t a l t i c pump (Gilson Minipuls 2, 
Luton, Beds, UK) and the aerosol generated w i t h the argon flow i s 
transported through an in-house constructed double pass glass spray 
chamber t o the i n j e c t o r . 
Radiation from the plasma i s focused on and d i r e c t e d t o the entrance 
s l i t of the monochromator w i t h a computer c o n t r o l l e d periscope arrange-
ment c o n s i s t i n g of two s p h e r i c a l m i r r o r s . The viewing zone w i t h i n the 
plasma can be acc u r a t e l y p o s i t i o n e d from the top of the load c o i l t o a 
v e r t i c a l p o i n t s i x centimetres above i t . Wavelength s e l e c t i o n i s 
accomplished w i t h a 0.6 metre Czerny-Turner g r a t i n g monochromator 
which i s under computer c o n t r o l . An angle encoder, which in c o r p o r a t e s 
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an o p t o e l e c t r o n i c counting system, tra n s m i t s the g r a t i n g p o s i t i o n to 
the computer and i s capable of s e l e c t i n g a wavelength t o w i t h i n 0.0015 nm 
The selected wavelength passes through the e x i t s l i t and onto a side 
window p h o t o m u l t i p l i e r (Thorne-D-lI 9781A) which measures the i n t e n s i t y 
of the r a d i a t i o n . By stepping the supply voltage (^550-950 V) t o the 
p h o t o m u l t i p l i e r i t s response can be a l t e r e d t o cover a wide range of 
i n t e n s i t i e s . 
An on-board computer, based on the Z-80 microprocessor, c o n t r o l s the 
s t a r t - u p c o n d i t i o n s f o r plasma fo r m a t i o n , the monochromator d r i v e , 
p e r i s c o p i c viewing p o s i t i o n , p h o t o m u l t i p l i e r voltage and data 
presentation/storage together w i t h a number of associated mathematical 
c a l c u l a t i o n s e.g. peak emission maxima, s i g n a l to background r a t i o 
maxima against viewing height and l i n e c a l i b r a t i o n . I n f o r m a t i o n i s 
displayed on a monitor i n g r a p h i c a l form or on a dot-matrix p r i n t e r . 
^.2.2 The ARL 35000 IC Plasma 
The ARL 35000 ICP (ARL, Crawley, Sussex, UK) i s a sequential instrument 
s i m i l a r t o the Kontron S-35. Power t o a three t u r n , round s e c t i o n , 
water cooled copper load c o i l i s supplied by a 2.5 kW maximum, 
27.12 MHz RF generator (Henry Radio, C a l i f o r n i a , USA) of the closed 
loop design. The t o r c h i s of the a l l - q u a r t z small 'Fassel' type w i t h a 
coolant tube o f 20 mm 00 and a ' t u l i p ' design a u x i l i a r y tube. One 
piece torches w i t h a f i x e d 1.5 mm bore i n j e c t o r and two piece w i t h 
interchangeable i n j e c t o r s up t o 3 mm bore are used. The a l l argon gas 
supply i s c o n t r o l l e d w i t h a three stage p r e c i s i o n r e g u l a t o r . Pressure 
i s regulated to +_ 0.05 p s i and gas flow i s c o n t r o l l e d w i t h low thermal 
c o e f f i c i e n t porous plugs. 
161 
Aqueous sample aerosols such as those formed from dissolved minerals 
( f u s i o n analyses), are generated by an a l l glass concentric pneumatic 
nebuliser (3 E Meinhard Associates, C a l i f o r n i a , USA) of various o r i f i c e 
designs (Types A t o C). The aerosol then passes through an a l l glass 
s i n g l e pass spray chamber (ARL, Crawley, Sussex, UK) t o the i n j e c t o r . 
An argon h u m i d i f i e r and t i p washer extend t h i s type o f nebuliser's 
tolerance t o increased l e v e l s of dissolved s a l t s . 
For s l u r r y analyses an Ebdon nebu l i s e r was used w i t h t h i s instrument 
together w i t h the ARL s i n g l e pass and Scott-type double pass spray 
chambers. 
Wavelength s e l e c t i o n i s achieved w i t h a 1 metre g r a t i n g monochromator 
of the Czerny-Turner design.Wavelength scanning i s achieved by d e f l e c t -
ing the d i f f r a c t i o n g r a t i n g w i t h a sine bar d r i v e and a stepper motor 
which i s computer c o n t r o l l e d . The computer i s capable o f reproducing 
selected wavelengths t o w i t h i n +_ 0.0056 nm. There i s no o p t i c a l or 
t r a n s l a t i o n a l f a c i l i t y f o r changing the viewing zone w i t h i n the plasma 
and the r a d i a t i o n i s d i r e c t l y focused onto the entrance s l i t set 15 mm 
above the load c o i l . The i n t e n s i t y o f the selected r a d i a t i o n i s 
measured using a side window p h o t o m u l t i p l i e r which i s also under 
computer c o n t r o l and o f f e r s 15 stepped l e v e l s o f a m p l i f i c a t i o n . 
Signals from the p h o t o m u l t i p l i e r are processed by a DEC PDP-11/03 
d i g i t a l processor u n i t which c o n t r o l s the instrument. Operator 
i n t e r f a c e i s achieved through a t e r m i n a l keyboard w i t h monitor and DEC 
w r i t e r . 
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FIGURE 4.2 





^.2.3 The Spectraspan I I I A D i r e c t Current Plasma 
The three e l e c t r o d e d i r e c t c u r r e n t plasma emission spectrometer was 
described i n d e t a i l by Decker (^2) and can be d i v i d e d i n t o f i v e 
s e c t i o n s . 
( i ) Power source 
( i i ) Electrode assembly 
( i i i ) Sample t r a n s p o r t a t i o n 
( i v ) Wavelength s e l e c t i o n and emission d e t e c t i o n 
(v) Data a c q u i s i t i o n and processing. 
The Spectraspan I I I A d i r e c t c u r r e n t s e q u e n t i a l spectrometer possesses a 
IkW maximum d i r e c t c u r r e n t power source nominally run a t 60 v o l t s and 
7 amps. This supplies the three e l e c t r o d e assembly, comprising two 
g r a p h i t e anodes and a s t a b i l i s i n g tungsten cathode, w i t h the energy 
necessary t o s u s t a i n a plasma from the argon gas passing c o n c e n t r i c a l l y 
around the e l e c t r o d e s . The sample i s introduced t o the instrument by a 
p e r i s t a l t i c pump which supplies a ceramic cross-flow design n e b u l i s e r . 
The aerosol formed i n the argon flow i s t r a n s p o r t e d v i a the cyclone-
l i k e spray chamber t o the large (10 mm bore) i n j e c t o r tube. This 
d i r e c t s the sample i n t o the apex, formed between the two anodes, of the 
i n v e r t e d Y-shaped plasma. The emission from t h i s region i s focused on 
and passes through the entrance s l i t t o the monochromator. The 
e l e c t r o d e assembly s i t s on a two-dimensional t r a n s l a t i o n t a b l e which 
governs the p o s i t i o n of the plasma r e l a t i v e , t o the monochromator 
entrance s l i t . 
The wavelength s e l e c t i o n i s governed by a 0.75 metre Echelle g r a t i n g 
monochromator (79 grooves/mm) operated a t high order (30 - 120) w i t h a 
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30^ prism f o r order separation. The design i s noted f o r i t s higher 
s p e c t r a l r e s o l u t i o n and d i s p e r s i o n w h i l e a l s o being compact. Wave-
leng t h s e l e c t i o n i s manually c o n t r o l l e d . The r a d i a t i o n i s detected, 
through a cassette mask, by a p h o t o m u l t i p l i e r . A m p l i f i c a t i o n o f the 
s i g n a l i s manually selected i n ten steps and an on-board dedicated 
microprocessor d i r e c t l y processes the s i g n a l data. The microprocessor 
c o n t r o l s the counts d i s p l a y , i n t e g r a t i o n , c a l i b r a t i o n and conce n t r a t i o n 
modes used i n data processing. 
if.3 MINERAL ANALYSIS BY SLURRY ATOMISATION PLASMA EMISSION SPECTROMETRY 
if. 3 . 1 In-House Sulphide Ores. 
Two samples of in-house sulphide ores (BP Research Centre, 5unbury-on-
Thames, Middx, UK), designated and SA1/C120 were received f o r 
an a l y s i s by the s l u r r y technique. The ores were p o l y d e n s i t i c , 
c o n s i s t i n g of up t o seven major and minor mineral components. These 
components are shown i n Table 2.1 o f Chapter 2 together w i t h t h e i r 
measure o f hardness (MOH). The procedure used t o sample these ores and 
to prepare s l u r r i e s i s described i n d e t a i l i n Chapter 2. 
if.3..1.1 S t andardisation and p r e l i m i n a r y s l u r r y atomisation experiments 
The elements of p a r t i c u l a r i n t e r e s t i n these ores i . e . i r o n , z i n c , 
copper, s i l v e r , and go l d , were f i r s t determined by a f u s i o n / d i s s o l u t i o n 
technique ( w i t h the exception of gold which was determined by a f i r e 
assay technique) f o r c h a r a c t e r i s a t i o n and s t a n d a r d i s a t i o n before 
subsequent s l u r r y a n a l y s i s . A sodium peroxide f u s i o n was used t o b r i n g 
about d i s s o l u t i o n of the high s i l i c a - b e a r i n g sulphide ores i . e . approx-
imately 0.2g of the f i n e l y ground ores were ac c u r a t e l y weighed i n t o 
zirconium c r u c i b l e s and 1 t o 1.5g of sodium peroxide c a r e f u l l y added. 
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The covered c r u c i b l e s were then admitted t o a m u f f l e furnace, h e l d a t 
650^C and allowed t o re a c t f o r 20 t o 25 minutes w i t h occasional 
a g i t a t i o n . A f t e r c o o l i n g the contents o f the c r u c i b l e s were c a r e f u l l y 
reacted w i t h 12,5 ml of concentrated n i t r i c a c i d , 5 ml o f 10% m/v 
t a r t a r i c a c i d and a l i t t l e water (50cm^). The d i s s o l u t i o n products 
were then b o i l e d and, a f t e r c o o l i n g , were made up t o j u s t under 100 ml 
i n a volumetric f l a s k . These s o l u t i o n s were then l e f t overnight t o 
degas and made up t o the mark next day. C a l i b r a t i o n standards were 
prepared using m a t r i x matched s o l u t i o n s w i t h respect t o the f u s i o n 
r e a c t a n t s . Determination of i r o n , z i n c , copper, and s i l v e r was 
performed using the ARL 35000 ICP spectrometer under the c o n d i t i o n s 
shown i n Table ^ t - . l . The s i l v e r c o n c e n t r a t i o n was also determined using 
an I L Video 22 atomic absorption spectrometer and the s i l v e r resonance 
l i n e a t 338.289 nm. 
S l u r r i e s of the ores SA1/C120 and 3+L^ a t 0.5 and 2% m/v s o l i d s loading 
were prepared by the b o t t l e and bead method (10:1 m/m bead t o sample 
r a t i o ) over a 1 hour g r i n d i n g period and s t a b i l i s e d i n 0.1% m/v sodium 
hexametaphosphate s o l u t i o n . Determination of the i r o n , copper, z i n c , 
and s i l v e r concentrations were performed using t h e Plasmakon S-35 ICP 
w i t h the c o n d i t i o n s shown i n Table ^f.2. A scandium i n t e r n a l standard 
was employed i n both the samples and the simple c a l i b r a t i o n s o l u t i o n s . 
^.3.1.2 Results and discussion 
The r e s u l t s from the determination of i r o n , z i n c , copper, and s i l v e r 
i n the f u s i o n s o l u t i o n s are shown i n Table ^.3. I n t e r f e r e n c e from 
zirconium occurs on the primary s i l v e r l i n e a t 328.068 nm but not the 
secondary l i n e , 338.289 nm. The primary s i l v e r l i n e i s o f importance 
f o r t r a c e a n a l y s i s and the i n t e r f e r e n c e e f f e c t was stud i e d f u r t h e r . 
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TABLE 4.1 
Plasma c o n d i t i o n s used f o r the determination of i r o n , copper, zinc and 
s i l v e r i n sulphide ore f u s i o n s o l u t i o n s of 3+L4 and SA1/C120 
using the ARL 35000 ICP spectrometer 
Torch 
Forward power/kW 
Gas flow r a t e s / 1 min'^ 
Coolant 
A u x i l i a r y 
I n j e c t o r 
Nebuliser type 
I n j e c t o r bore/mm 
Viewing height/mm 
Wavelengths/nm 
I r o n I I 





















Plasma c o n d i t i o n s used f o r the determination o f i r o n , copper, zinc 
and s i l v e r i n sulphide ore s l u r r i e s 3+LA- and SA1/C120 
using the Kontron S-35 ICP spectrometer 
Torch 
Forward power/kW 
Gas f l o w r a t e s / 1 min"^ 
Coolant 
A u x i l i a r y 
I n j e c t o r 
Nebuliser type 
I n j e c t o r bore/mm 
Wavelengths/nm 
I r o n I I 
Zinc I I 
Copper I 
S i l v e r I 













The determination of i r o n , z i n c , copper and s i l v e r i n the minerals 
3+Lif and SA1/C120 (designated 3 and S) a f t e r a f u s i o n / d i s s o l u t i o n 
stage had been performed. Instrument used ARL 35000 ICP. 
Element Wavelength/nm 
Fe% 259.9if 19.05 + 0.15 18.7 0.2 
Fe% 259.837 18.6 + 0.2 18.2 + O.if 
Zn% 213.856 16.2 + 0.3 2.6 + 0.05 
Cu% 219.958 0.3if5 + 0.005 0.37 0.005 
Cu% 327.396 0.3if5 0.005 0.375 + 0,005 
Ag jjg g-^ 338.289 253 + 10 119 + 7 
Ag* ;jg g"^ 328,068* 332 + 33 16if + 27 
S i l v e r determination using the I L Video 22 Atomic Absorption Spectrometer 






l l i f 
* I n t e r f e r e n c e from zirconium i d e n t i f i e d . 
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Zirconium c r u c i b l e s were used i n the f u s i o n step and q u a n t i f i c a t i o n o f 
the contamination was performed. These r e s u l t s are shown i n Table 4.4, 
As zirconium is- present i n the ores and contamination from the c r u c i b l e s 
dur i n g f u s i o n i s not constant a separate experiment was performed using 
s i l v e r and zirconium s o l u t i o n s to q u a n t i f y the i n t e r f e r e n c e e f f e c t on 
the important primary s i l v e r l i n e . Under the c o n d i t i o n s used on the 
ARL 35000 ICP (Table 4.1) i t was found t h a t the presence of 130 |jg ml"^ 
of zirconium i n 100 ml o f s o l u t i o n was equivalent to 1 pg ml"-^ of 
s i l v e r using the 328.068 nm Agl l i n e . 
The r e s u l t s f o r the i r o n , z i n c , copper and s i l v e r concentration i n the 
ores, determined by the s l u r r y technique, are shown i n Table 4.5. The 
recoveries of these elements ( t h e r a t i o of an analyte concentration 
found by the s l u r r y technique t o t h a t of the known value) range from 
56% f o r i r o n i n 3+L4 up t o 84% f o r copper i n SA1/C120. P a r t i c l e s i z e 
a n a l y s i s o f the s l u r r i e s showed t h a t only 4% by volume i n the case of 
SA1/C120 and 5.5% by volume f o r 3+L4 was greater than 8 i n s i z e . 
However these increased t o 48% and 32% by volume r e s p e c t i v e l y f o r 
m a t e r i a l greater than 3.1 pm suggesting t h a t mass t r a n s p o r t a t i o n 
e f f e c t s might have been present f o r the s l u r r i e s . 
The s i l v e r emission was monitored using the primary 328.068 nm atom 
l i n e . While subsequent determinations of the zirconium contents o f 
these ores (e.g. 90 ;jg g""^  f o r SA1/C120) i n d i c a t e d t h a t a t the l e v e l s 
present there would be l i t t l e e f f e c t on the s i l v e r r e s u l t , the possib-
i l i t y of zirconium i n t e r f e r e n c e due t o contamination by the z i r c o n i a 
g r i n d i n g beads had t o be considered. Table 4.6 shows t h i s i n t e r f e r e n c e 
on the 328.068 nm s i l v e r l i n e when the b o t t l e and bead method g r i n d i n g 
time was increased and the s i l v e r content of the ores determined. 
Subsequent s i l v e r analyses were performed using the secondary 338.289 nm 
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TABLE ^^.^f 
The determination o f zirconium i n 100 ml s o l u t i o n s of 3+L4 and SA1/C120 
a f t e r performing a sodium peroxide f u s i o n i n zirconium c r u c i b l e s . 
Element Wavelength ^+L^^(l) SA1/C120(1) Blank Fusion 
Zr 327.305 nm 28-33 ^g ml"^ 19-2^^ pg ml"^ 18 /jg ml"^ 
(1) Range covered by three f u s i o n r e a c t i o n s 
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TABLE if.5 
The determination of i r o n , z i n c , copper and s i l v e r i n the minerals 3+L^ and SA1/C120 
(designated 3 and S) by s l u r r y atomisation using the Plasmakon S-35 ICP 
% CONTENT 
Element Wavelength 3 ( s l u r r y ) 3 ( s o l u t i o n ) Recovery S ( s l u r r y ) S ( s o l u t l o n ) Recovery 
nm % % 
Fe 238.20if 10.^ 18.6 56 10.6 18.2 58 
Zn 206.191 10.2 16.2 63 2.0 2.6 77 
Cu 32'f.75^f 0.27 0.34 79 0.31 0.37 8^ ^ 
Ag(fag g •^)328.068 (180) (253) 71 (77) (119) 65 
TABLE if.6 
The determination of s i l v e r i n the ores 3+Lif and SA1/C120 by s l u r r y 
atomisation ICP-AES. S l u r r i e s prepared by g r i n d i n g w i t h z i r c o n i a beads 
over 2 hour period. Wavelength monitored 328.068 nm. 
Concentration of s i l v e r pg g"-^  











Operating c o n d i t i o n s used on the Spectraspan I I I d c plasma f o r 
an a l y s i s of s o l u t i o n s and s l u r r i e s o f in-house ores. 
Gas supply 
Flow r a t e ( t o t a l ) / l min"-'-
Nebuliser pressure/PSI 
Nebuliser flow r a t e / 1 min"^ 
Nebuliser type 
Sleeve pressure/PSI 
Power supply/A (dc) 
Sample uptake/ml min"^ 









l i n e . I t i s of note t h a t the z i r c o n i a contamination which was present 
as a s l u r r y atomised e f f i c i e n t l y t o give an i n t e r f e r e n c e even though 
i t i s a h i g h l y r e f r a c t o r y oxide. 
The gold contents of the ores, determined by f i r e assay and atomic 
absorption spectrometry were found t o be IZA [iq and 
0.1 iig g*^ (SA1/C120). S l u r r y a n a l y s i s showed t h a t severe s p e c t r a l 
i n t e r f e r e n c e from concomitant elements was present on the primary gold 
l i n e (Au I 2^2.795 nm) and as the secondary l i n e was found t o be too 
i n s e n s i t i v e (Au I 267.595 nm) no f u r t h e r determinations were undertaken 
f o r gold i n these ores. 
4,3.1.3 S l u r r y a n a l y s i s by d i r e c t c u r r e n t plasma emission spectrometry 
The sample i n t r o d u c t i o n systems employed i n d i r e c t c u r r e n t plasma 
emission spectrometry are noted f o r t h e i r t o l e r a n c e t o large p a r t i c l e 
sizes when s l u r r y atomisation i s employed (44, 56, 118). The use of 
s i n g l e pass spray chambers w i t h no b a f f l e s or impactors together w i t h 
l a r g e (10mm) i n j e c t o r bores and high c a r r i e r gas (2.5 t o 4 1 min"^) and 
l i q u i d flow r a t e s (1.6 to 10 ml min"^) r e s u l t s i n greater t r a n s p o r t 
e f f i c i e n c i e s (up t o 15%) compared w i t h the conventional double pass 
spray chamber/injector assembly (up t o 2%) used i n ICP spectrometry. 
The two ores 0+L4 and SA1/C120 were analysed on the spectraspan I I I A 
d i r e c t c u r r e n t plasma (DCP) spectrometer f o r the elements i r o n , zinc 
and copper. The ores were analysed i n two forms: 
( i ) as a s o l u t i o n a f t e r employing the f u s i o n technique ( i . 5 g Na202 + 0,2g 
sample e t c . ) and 
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( i i ) as 0.35% m/v s l u r r i e s ground by the b o t t l e and bead method f o r 
one hour w i t h 0.1% m/v SHMP as dispersant. 
The sodium peroxide f u s i o n technique r e s u l t e d i n a sodium ( e a s i l y 
i o n i s e d element, EIE) concentration o f approximately 0.4 M (100ml f i n a l 
s o l u t i o n ) . From a graph, showing the e f f e c t of varying the concen-
t r a t i o n of an EIE i n a s o l u t i o n matrix upon the response (emission) of 
an analyte e x c i t e d by a DCP (118, enhancement cu r v e ) , the 0.4 M sodium 
(or any a l k a l i e EIE) region corresponds t o the near plateau or very 
shallow slope of the enhanced emission curve. Hence small v a r i a t i o n s 
of any concomitant EIE w i t h i n the sample would have l i t t l e e f f e c t and 
the s o l u t i o n can be considered b u f f e r e d . C a l i b r a t i o n s o l u t i o n s were 
matrix matched f o r the sodium and a c i d contents o f the f u s i o n s o l u t i o n s 
while the s l u r r i e s were buffered w i t h n e u t r a l i s e d sodium peroxide 
(Na202 + HNO3), added t o the same co n c e n t r a t i o n . The plasma c o n d i t i o n s 
used w i t h the Spectraspan I I I A are shown i n Table 4.7 
4.3.1.4 Results and discussion 
The r e s u l t s of the determination of i r o n , z i n c and copper i n the ores 
3+L4 and SA1/C120 by s l u r r y atomisation and i n s o l u t i o n are shown i n 
Table 4.8. The s o l u t i o n r e s u l t s compare w e l l w i t h those p r e v i o u s l y 
determined using the ARL 35000 ICP (Table 4.3). The s l u r r y r e s u l t s 
show f u l l recoveries f o r zinc and copper w i t h improved recoveries f o r 
i r o n (76% f o r 3+L4 and 92% f o r SA1/C120) compared w i t h those r e s u l t s 
obtained from the s l u r r y experiments performed on the Plasmakon S-35 
ICP (Table 4.5). The p a r t i c l e s i z e d i s t r i b u t i o n s of the s l u r r i e s were 
s i m i l a r t o those p r e v i o u s l y obtained and described i n s e c t i o n 4.3.1.2. 
The superior t r a n s p o r t p r o p e r t i e s of the sample i n t r o d u c t i o n system of 
the DCP system used ( l a r g e s i n g l e pass w i t h 10mm i n j e c t o r ) are 
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TABLE if.8 
The determination of i r o n , z inc and copper i n the minerals 3+Lif and 
SA1/C120 (designated 3 and S) by s l u r r y atomisation and i n s o l u t i o n 
using the Spectraspan I I I d c plasma. 
Ele- Wave- 3 ( s o l u t i o n ) 3 ( s l u r r y ) %R* S ( s o l u t i o n ) S ( s l u r r y ) %R* 
ment length/nm 
Fe% 2if0.if88 18.8 + 0.3 l i f . 3 + 0,2 76.1 17.1 + 0.6 15.8 + 1.1 92.if 
Zn% 213.856 16.3 + 0-1 16.5 + 0.5 101 2.6 + 0,1 2.9 + 0-1 H I 
Cu% 213.597 0.355+.005 0.355+.005 100 0.36+0.01 0.39+ .005 108 
* Recovery, s l u r r y value over s o l u t i o n value as percentage 
TABLE if.9 
Operating c o n d i t i o n s used on the ARL 35000 ICP f o r the ana l y s i s 
of in-house ores (3 and S) by s l u r r y atomisation. 
Torch type 
Forward power/kW 
Gas flow r a t e s / 1 min"^ 
Coolant 
A u x i l i a r y 
C a r r i e r 
Viewing height/mm 











Double pass (glass) 
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suggested as being responsible f o r the near t o f u l l recoveries 
observed. While a t o m i s a t i o n problems are more l i k e l y t o be present i n 
the DCP (a thermally cooler source) than i n the ICP, f u l l recoveries 
i n d i c a t e t h a t these phenomena were not s i g n i f i c a n t . This may i n p a r t 
be due t o the high dissolved s a l t content (1.5% Na202 gives 3.26% HaN03 
i n 100 ml s o l u t i o n s ) , i n both the c a l i b r a t i o n standards and the s l u r r i e s , 
which i s known t o have an e f f e c t on the t r a n s p o r t mechanisms. By near 
matching of v i s c o s i t y , surface t e n s i o n , density and mass f l u x the 
t r a n s p o r t p r o p e r t i e s o f the s l u r r i e s are less l i k e l y t o be i n f l u e n c e d 
by the presence of p a r t i c u l a t e matter a t a concentration of 0.35% m/v 
and would compare w i t h the c a l i b r a t i o n s o l u t i o n s . The i n h e r e n t l y high 
s a l t content of both the s o l u t i o n and s l u r r y aerosols may also r e s u l t 
i n a near matching of t h e i r heat c a p a c i t i e s and d i f f e r e n c e s i n atom-
i s a t i o n e f f i c i e n c y are less l i k e l y t o be seen i n the r e l a t i v e l y cooler 
thermal environment of the DCP. 
^^.3.1.5 S l u r r y a n a l y s i s and matrix e f f e c t s i n the ICP 
S l u r r y samples of the ore SA1/C120 a t 0.1% and 1 % m/v s o l i d s loading 
were prepared by the microniser technique as described i n Chapter 2. 
These were s t a b i l i s e d i n 0.1% m/v sodium hexametaphosphate s o l u t i o n . 
Multi-element standard s o l u t i o n s were prepared i n order t o determine 
the z i n c , copper, i r o n , l ead, zirconium and s i l v e r contents o f the 
ground s l u r r i e s . 
A scandium i n t e r n a l standard was added t o the c a l i b r a t i o n s o l u t i o n s but 
no SHMP dispersant i n order t o prolong the s t a b i l i t y of the s o l u t i o n 
mixture (phosphate p r e c i p i t a t i o n was prone t o occur w i t h t i m e ) . The 
plasma c o n d i t i o n s used f o r the c a l i b r a t i o n and s l u r r y analyses are 
shown i n Table i f , 9 . A l l analyses were performed on the ARL 35000 
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ICP w i t h the SIS comprising a double pass spray chamber (Figure 3.6 
Chapter 3 ) , a 3mm bore i n j e c t o r and Ebdon n e b u l i s e r . 
if.3.1.6. Results and discussion 
During c a l i b r a t i o n of the instrument using s o l u t i o n standards i t was 
noted t h a t severe d e v i a t i o n s from l i n e a r i t y were present f o r the atom 
l i n e s of copper, z i n c , lead and s i l v e r but not f o r the ion l i n e of 
i r o n ; the d e v i a t i o n s d i s p l a y i n g t y p i c a l i o n i s a t i o n i n t e r f e r e n c e (as 
observed i n atomic absorption spectroscopy). S c r u t i n y of the c a l i b -
r a t i o n t a b l e (Table ^.10) and the c a l i b r a t i o n p l o t s f o r z i n c , copper 
and lead (Figure ^ . 3 ( a ) , ( b ) and ( c ) ) i n d i c a t e d t h a t the presence of 
i r o n ( a t 100 and 200 tigml"-^) enhances the s i g n a l s f o r the top standards 
of these three analytes. Figure ^.3(d) shows t h a t the removal of 
200 iigml"-^ of i r o n from the top lead standard r e s u l t s i n the lead 
s i g n a l f a l l i n g on t o the e x t r a p o l a t e d l i n e made between the blank and 
bottom lead standard which contained no i r o n . From the r a t i o of the 
c a l i b r a t i o n slopes f o r each a n a l y t e , w i t h and w i t h o u t i r o n present, the 
order of i n c r e a s i n g d e v i a t i o n from l i n e a r i t y was found t o be i n v e r s e l y 
p r o p o r t i o n a l t o the e x c i t a t i o n p o t e n t i a l of the a n a l y t e under i n v e s t -
i g a t i o n ( i . e . as eV increases the d e v i a t i o n decreased). Matrix 
e f f e c t s have been discussed by Thompson and Ramsey (119) and Kovacic 
e t . a l , (120) and references t h e r e i n . As a s o l u t i o n t o t h i s e f f e c t was 
required i n order t o perform the s l u r r y a n a l y s i s the e f f e c t was i n v e s t -
i g a t e d f u r t h e r . The high c a r r i e r gas f l o w r a t e (1.71 min'^) though the 
3mm bore i n j e c t o r i n t o the Fassel-sized plasma was considered t o be a 
c o n t r i b u t i n g f a c t o r . V i s u a l i s a t i o n o f the i n j e c t o r b u l l e t i n the 
plasma using 1000 tig ml"-^ sodium s o l u t i o n showed t h a t the top of the 
i n i t i a l r a d i a t i o n zone (IRZ) was w e l l above the f i x e d viewing height of 
15mm f o r the monochromator. The high flow r a t e was considered to be 
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important i n maintaining good t r a n s p o r t f o r the s l u r r y aerosol and 
hence experiments t o e l u c i d a t e t h i s m a t r i x e f f e c t centred on the 
i n c l u s i o n of an i n t e r n a l standard (scandium) and on the a d d i t i o n of a 
b u f f e r i n g agent (an EIE, i n t h i s case sodium) together w i t h v a r i a t i o n s 
i n plasma forward power. Figure i f . ^ ^ (a) i l l u s t r a t e s the e f f e c t o f 
varying the forward power upon the emission from 20 pg ml*^ o f scandium 
w i t h and without the presence o f 100 and 200 pg ml"-'- of i r o n . There 
was no l i n e emission from the i r o n stock s o l u t i o n a t the scandium 
emission wavelength (if02,0^ nm) used. The e f f e c t from the a d d i t i o n of 
sodium, as SHMP, a t the conce n t r a t i o n used i n the s l u r r y suspensions 
( 0 . 1 % m/v) to t h a t of a simple scandium s o l u t i o n i s al s o shown. The 
enhancement e f f e c t s are r e a d i l y seen and are con c e n t r a t i o n dependent. 
Scandium t h e r e f o r e , cannot be used as an i n t e r n a l standard. Figure 
^A{b) i l l u s t r a t e s the e f f e c t of varying forward power on the emission 
from 100 pg ml"^ o f lead and shows t h a t the presence o f SHMP b u f f e r s 
out the e f f e c t of i r o n by i t s stronger "EIE e f f e c t " . SHMP was there-
f o r e added t o the c a l i b r a t i o n standards as an i n t r i n s i c EIE b u f f e r and 
f o r m a t rix matching the s o l u t i o n . Analysis o f the s l u r r y SA1/C120 was 
then completed. A s o l u t i o n c o n t a i n i n g known amounts o f a l l the 
elements, but w i t h o u t i r o n and zirconium, and i n c l u d i n g 0.1% m/v SHMP 
was also analysed t o serve as a check on the c a l i b r a t i o n standards 
under buffered c o n d i t i o n s . Table ' f . l l shows the r e s u l t o f the s l u r r y 
a n a l y s i s and Table i^.lZ the r e s u l t s o f the s o l u t i o n check. The l a t t e r 
shows the SHMP s o l u t i o n was successful i n b u f f e r i n g out the EIE e f f e c t 
of the i r o n . The s l u r r y r e s u l t s show t h a t w i t h the exception o f i r o n 
(75% recovery) near t o f u l l recoveries f o r the analytes were obtained. 
The high c a r r i e r gas flow r a t e was necessary t o ensure good t r a n s p o r t -
a t i o n f o r the m a j o r i t y of elements i n the m u l t i - m i n e r a l ore. The 
p a r t i c l e s i z e d i s t r i b u t i o n of the s l u r r y (Figure ^.5) shows t h a t 2.5% 
by volume of m a t e r i a l was over 8 pm and some 13% over 5 pm. 
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TABLE ^f.lO 
Standards t a b l e used i n the c a l i b r a t i o n of the ARL 35000 f o r 
x r 
the determination of Zn, Cu, Fe, Pb/and Ag i n micronised 
s l u r r y sample SA1/C120. 
Concentration of analyte 
C a l i b r a t i o n 
s o l u t i o n No. Zn Cu Fe Pb Zr Ag 
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FIGURE 4.3 
C a l i b r a t i o n p l o t s f o r zi n c , copper and lead (a, b, c) showing the 
d e v i a t i o n from l i n e a r i t y of the bottom standard s o l u t i o n emission 
(no i r o n p r e s e n t ) compared w i t h the two top standards ( i r o n 
p r e s e n t ) . P l o t (d) shows lead top standard emission without i r o n 
present. 
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FIGURE 4.4 
Graph showing the m a t r i x 
c o n c e n t r a t i o n upon the net 
l e a ^ (b) at IISOW and 1800 V forward 
ml -1 
e f f e c t of i r o n and s u r f a c t a n t (SUMP) 
emission i n t e n s i t y of scandium (a)•and 
power. Concentrations i n pg 
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By volume p a r t i c l e s i z e d i s t r i b u t i o n of s l u r r y ore, SA1/C120 
20 r -
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TABLE i ^ . l l 
• 
The determination of copper, z i n c , i r o n , lead, zirconium and s i l v e r i n 
t h e ore 5A1/C120 by s l u r r y atomisation using the ARL 35000 ICP. 
Element Wavelength/nm SA1/C120 ( s l u r r y ) SA1/C120 ( s o l u t i o n ) 
% Content 
Cu 219.958 0.337 + 0.02 0.37 + 0.005 
Zn 213.856 2,41 +0.08 2.6 + 0 . 1 
Fe 259.9if 13.7 +0,06 18.2 +0.8 
Pb 283.307 0.28 +0.02 0.27 +0.03 
Zr 327.305 9Q ^ 9£f + 9 ' 
Ag 338.289 119 + 16 119 + l^f 
1 8 i f 
TABLE iv.l2 
Results from the determination of elements o f known concentration i n 
s o l u t i o n c o n t a i n i n g sodium hexametaphosphate (SHMP) b u f f e r . 
Concentration of element (lig ml"^) 
Cu Zn Fe Pb Zr Ag 
Known concentration 40 100 0 50 0 2.0 
Concentration found 39.7 96.5 <0.01 Wl .1 <0.02 2.3 
TABLE if. 13 
A comparison of the i r o n , z i n c , copper and lead contents of the ore 
SA1/C120 as received and c o l l e c t e d a f t e r t r a n s p o r t a t i o n through a 
Scott-type double pass spray chamber and 3mm i n j e c t o r a t a gas flow 
r a t e o f 1.5 1 min'^ 
Element S t a r t i n g sample 
( d i s s o l u t i o n ) 
Fe % 18.2 
Zn % 2.6 
Cu % 0.37 
Pb % 0.27 
Ore sample 
A f t e r t r a n s p o r t a t i o n A f t e r t r a n s p o r t a t i o n 
( d i s s o l u t i o n ) 
l i f . 2 + O.if 
2.50 + 0.05 
0.32 + O.Oif 
0.27 + 0.01 
( s l u r r y atomisation 
and emission) 
13.7 





By volume p a r t i c l e s i z e d i s t r i b u t i o n s of (a) s t a r t i n g ore s l u r r y , 
SA1/C120, and (b) the s o l i d f r a c t i o n c o l l e c t e d by Cascade impactor 
a f t e r passing through a double oass spray chamber w i t h 3mm i n j e c -
t o r at gas flow r a t e 1.5 1 min"^. 
(a) : STARTING SLURRY 
( b ) : POST INJECTOR 
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^.3.1.7 Segregation phenomena i n multi-component s l u r r i e s 
Analysis of s l u r r i e s of the ores and SA1/C120 has shown t h a t near 
t o f u l l r ecoveries can be obtained f o r the elements z i n c , copper, lead, 
zirconium and s i l v e r . I r o n has, however, repeatedly shown reduced 
recoveries, t y p i c a l l y 70 t o 80% of the known content. I n order t o 
e s t a b l i s h the mechanism f o r t h i s s h o r t f a l l i . e . whether i t was due t o 
t r a n s p o r t a t i o n or atomisation e f f e c t s , an experiment was performed to 
c o l l e c t a l l the m a t e r i a l c a r r i e d t o the top of an i n j e c t o r during 
n e b u l i s a t i o n of the i r o n - b e a r i n g ore s l u r r y . 
A s t i r r e d 1 % m/v s l u r r y of SA1/C120, ground by the microniser method 
(Chapter 2) was p e r i s t a l t i c a l l y pumped a t 1 ml min"-^ t o an Ebdon 
ne b u l i s e r . The aerosol was then passed through a double pass spray 
chamber (ex polyvac ElOOO type, Figure 3.6 Chapter 3) and 3mm i n j e c t o r 
a t an argon gas flow r a t e of 1.5 1 min"^ and i n t o a cascade impactor 
arranged i n such a manner as t o i s o k i n e t i c a l l y sample the whole aerosol 
(as described i n s e c t i o n 3.5, Chapter 3 ) . A volume of 280 ml o f s l u r r y 
was processed i n t h i s manner (over a 4.5 hour period) i n order to 
c o l l e c t s u f f i c i e n t m a t e r i a l f o r f u s i o n and a n a l y s i s ) . The s i z e 
f r a c t i o n from the pre and main impactors were c o l l e c t e d , mixed and 
sampled. A sodium peroxide f u s i o n / d i s s o l u t i o n step was then performed 
on the transported ore and the i r o n , z i n c , copper and lead contents 
were determined against m a t r i x matched c a l i b r a t i o n standards. 
if.3.1.8. Results and discussion 
The f u s i o n / d i s s o l u t i o n r e s u l t s are shown i n Table 4.13 together w i t h 
the s t a r t i n g sample d i s s o l u t i o n r e s u l t s and those obtained by s l u r r y 
187 
atomisation. Transportation e f f e c t s are c l e a r l y i n d i c a t e d as the major 
cause of low i r o n recovery by the s l u r r y technique f o r these ores. The 
p a r t i c l e s i z e d i s t r i b u t i o n s of the s l u r r y p a r t i c l e s before and a f t e r 
t r a n s p o r t a t i o n are shown i n Figure ^.6 and are very s i m i l a r , w i t h over 
95% of the m a t e r i a l being l e s s than 6\}m. Representative t r a n s p o r t a t i o n 
of the s t a r t i n g s l u r r y d i s t r i b u t i o n has occurred. I t i s suggested t h a t 
the i r o n , which i s mainly present as the dense (5.2g cm"^), hard (MOH 
of 6.5) mineral i r o n p y r i t e s , i s contained i n the l a r g e r s i z e f r a c t i o n 
of the d i s t r i b u t i o n ; the r e s u l t of a decreased e f f i c i e n c y of g r i n d i n g . 
I n c o n t r a s t the lead, present as the dense galena (7.6 g cm"-^ ) i s s o f t 
(MOH of 2.5) and i s l i k e l y t o be e f f i c i e n t l y ground and present i n the 
f i n e r f r a c t i o n s thereby g i v i n g f u l l r ecoveries i n t r a n s p o r t a t i o n and as 
shown i n the s l u r r y emlsson values e q u i v a l e n t atomisation t o t h a t of 
the c a l i b r a t i o n s o l u t i o n s . The p o s s i b i l i t y o f a segregation e f f e c t has 
re c e n t l y been mentioned by Verbeek and Brenner f o r g e o l o g i c a l m a t e r i a l s 
(85) when analysed by the s l u r r y technique. 
^.3.1.9 The e f f e c t of i n j e c t o r bore on s l u r r y emission recoveries 
I t has been shown by Ebdon and C o l l i e r (82) t h a t both the type of spray 
chamber and the bore of an i n j e c t o r a f f e c t s the recovery o f an element 
from various s i z e f r a c t i o n s o f k a o l i n samples when a s p i r a t e d by the 
s l u r r y technique. Near t o f u l l r e c o v e r i e s were obtained from the 
f i n e s t f r a c t i o n of k a o l i n (the m a j o r i t y o f which was less than 2.5 pm 
i n s i z e ) when a s i n g l e pass spray chamber and 3mm bore I n j e c t o r were 
employed. These e f f e c t s are c o n s i s t e n t w i t h the t r a n s p o r t phenomena 
described i n d e t a i l i n Chapter 3. As the i r o n recovery from the ores 
SA1/C120 and 3+L^^ has been shown t o be t r a n s p o r t dependent an 
experiment was performed t o monitor the recovery o f i r o n from a f i n e 
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s l u r r y of SA1/C120 whi l e varying the i n j e c t o r bore, the c a r r i e r gas 
flow r a t e and the viewing h e i g h t . 
A s l u r r y of micronised ore, SA1/C120, c o n t a i n i n g i r o n a t a concent-
r a t i o n of 199 pg ml"^ was pumped t o an Ebdon n e b u l i s e r , double pass 
spray chamber and i n j e c t o r s of 2 and 3mm bore, a t c a r r i e r gas flow 
rates 0.6 1 min'^ t o 2.3 1 min"^. The i r o n i o n l i n e , 259.9^fnm was 
monitored a t viewing h e i g h t s which presented the optimum s i g n a l t o 
background r a t i o and the net s i g n a l was then compared w i t h t h a t from a 
simple i r o n s o l u t i o n of equal concentration and matrix matched w i t h 
SHMP dispersant. These experiments were performed on the Plasmakon 
S-35 ICP w i t h a 'Greenfield s i z e ' t o r c h while running at a forward 
power of 1500W. 
4.3.1.10 Results and discussion 
The r e s u l t s from these experiments are shown i n Table 4.14. As most 
s l u r r y analyses are c a r r i e d out using a c a r r i e r gas flow r a t e between 
1.1 and 1.8 1 min'-*- using a 3mm bore i n j e c t o r the i r o n recoveries are 
as p r e v i o u s l y found i . e . 70 t o 80%. When using the 2mm i n j e c t o r w i t h 
comparable flow r a t e s the recoveries are much the same. Differences 
a r e , however, seen when f l o w r a t e s are ' i n extremus'. At high gas 
flows, 2 1 min"^ using the 2mm i n j e c t o r and 2.3 1 min""^ using the 3mm 
i n j e c t o r , the recoveries are elevated. This may be a t t r i b u t e d t o 
improved t r a n s p o r t e f f e c t s from the s l u r r y compared w i t h s o l u t i o n but 
al s o , and perhaps more i m p o r t a n t l y , a t viewing heights of 18 t o 19mm 
the recoveries may be a t t r i b u t e d t o matrix e f f e c t s as the t i p of the 
IRZ approaches the viewing zone. I n t h i s region the e f f e c t s due t o 
minor d i f f e r e n c e s i n matrix are more l i k e l y t o be o p e r a t i v e . 
189 
TABLE i f . U 
The recovery o f i r o n from a f i n e s l u r r y o f the ore SA1/C120 w i t h 
v a r i a t i o n i n c a r r i e r gas flow r a t e , viewing height and i n j e c t o r bore. 
Analysis performed using the Kontron S-35 ICP a t 1500W. 
2mm bore 




































(1) gas v e l o c i t y a t these low flow r a t e s i n s u f f i c i e n t t o punch plasma 
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I n the case of the low gas flow r a t e , 0.6 1 min"^, using the 2mm 
i n j e c t o r ( i t was not possible t o punch the plasma a t t h i s low f l o w r a t e 
using a 3mm i n j e c t o r ) the recovery may be explained due t o t r a n s p o r t -
a t i o n phenomena. Atomisation phenomena are, i f present, l i k e l y t o be 
of s i m i l a r magnitude to t h a t f o r ores transported through the 3mm 
i n j e c t o r a t a flow r a t e of 1.3 t o l . i f 1 min"^ (based on residence 
t i m e / v e l o c i t y of p a r t i c l e s ) . The mass f l u x of the s l u r r y aerosol 
would appear t o exceed t h a t of the c a l i b r a t i o n s o l u t i o n aerosol a t 
0.6 1 min'^ and may be a r e s u l t of the d i s t r i b u t i o n of s o l i d f i n e s i n 
the s l u r r y a e r o s o l . The p a r t i c l e s i z e d i s t r i b u t i o n o f the s t a r t i n g 
s l u r r y was such t h a t 95% was less than 5 ^im, 87% l e s s than 2.5 [im and 
i f 5 % less than 1.26 \Lm. 
if.3.1.11 Multi-element simplex o p t i m i s a t i o n f o r ore s l u r r y a n a l y s i s . 
I n d u c t i v e l y coupled plasma atomic emission spectrometry (ICP-AES) i s a 
multi-element technique which f o r r o u t i n e a n a l y s i s o f s o l u t i o n s i s 
g e n e r a l l y operated w i t h a s i n g l e set of c o n d i t i o n s . The v e r s a t i l i t y of 
the plasma source i s such t h a t good a n a l y t i c a l performance i s r e a d i l y 
obtained and f o r most a p p l i c a t i o n s u n i v a r i a t e searches of the running 
c o n d i t i o n s are g e n e r a l l y applied to achieve a s u f f i c i e n t performance. 
Since the work of Spendly e t . a l . (121) who introduced the p r i n c i p l e of 
t r a c k i n g the output from a system, as a set of p o i n t s forming a simplex 
i n f a c t o r space and c o n t i n u a l l y forming new s i m p l i c i e s by r e f l e c t i n g 
one p o i n t i n the hyperplane of the remaining p o i n t s , the p r i n c i p l e has 
grown, v i a the work of Nelder and Mead (122) and Deming and Morgan 
(123), i n t o an o p t i m i s a t i o n technique f o r performance e v a l u a t i o n . As a 
r e s u l t the use o f simplex programs can help r e a l i s e t r u e optimum 
operating c o n d i t i o n s from a n a l y t i c a l instruments where the complexity 
of t h e i r interdependant, multi-component v a r i a b l e s render the 
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u n i v a r i a t e search technique i n a p p l i c a b l e . The simplex technique has 
pr e v i o u s l y been used t o monitor the performance of both IC plasmas and 
dc plasmas (71,.. 124) and t h i s includes multi-element o p t i m i s a t i o n (125, 
126). The f l e x i b i l i t y of the simplex technique allows f r e e r e i n f o r the 
' f i g u r e of m e r i t ' and has been app l i e d t o s i n g l e element s l u r r y 
o p t i m i s a t i o n f o r the recovery o f aluminium from coal s l u r r i e s (100). 
An i n v e s t i g a t i o n of multi-element simplex o p t i m i s a t i o n w i t h s l u r r y 
a tomisation was undertaken using the in-house ore SA1/C120. Four 
elements were chosen, copper,zinc, i r o n and s i l v e r and t h e i r r e c o v e r i e s 
were monitored using the ARL 35000 ICP f i t t e d w i t h a s i n g l e pass spray 
chamber w i t h impact bead (ARL t y p e ) , an Ebdon n e b u l i s e r and a 3 mm 
i n j e c t o r . Five parameters were v a r i e d i . e . forward power, s o l u t i o n 
feed r a t e , c a r r i e r gas flow r a t e and the coolant and a u x i l i a r y gas f l o w 
r a t e s . The simplex program used was OPTIMA VIOOT, developed by 
Bet t e r i d g e (126, BP Research Centre, Sunbury-on-Thames, Middlesex, UK). 
The response of each element i n the s l u r r y under various c o n d i t i o n s was 
compared w i t h t h a t from the element of equal c o n c e n t r a t i o n i n s o l u t i o n 
using the equation: 
•^(r) = I s - Bs X hoi - Bsol <^-l> 
^ s o l " ^ s o l ^ s o l 
where I ^ = T o t a l emission i n t e n s i t y of s l u r r y element a t wavelengthXe 
•^sol " ^^^^^ emission i n t e n s i t y of s o l u t i o n element at wavelengthXe 
Bg = Background emission i n t e n s i t y a t elemental wavelength f o r 
s l u r r y 
^ s o l " background emission i n t e n s i t y a t elemental wavelength f o r 
s o l u t i o n 
^ ( r ) ~ ^ ^ i t ^ ^ i o " m e r i t f i g u r e r e l a t e d t o recovery 
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i d e a l l y the response required would be 
" ^s = 1 (100% recovery) 
^ s o l - ^ s o l 
and the expression I ^ ^ j ^ - Bg^j^ 
Bsol 
I s a weighting f a c t o r t o stop the simplex going t o low values of I ^ ^ j ^ 
The o v e r a l l f i g u r e of m e r i t (response F ^ j ^ f o r the simplex a t each 
step was c a l c u l a t e d from the product of each of the element f a c t o r s 
^ ( D 
•"(T) = " " ( r l ) ^ ^ {rZ) ^  ^ r 3 ) ^ Ur^) • <'^ -2) 
This expression i s unweighted.. 
^,3.1.12. Results and discussion 
While the stopping c o n d i t i o n f o r the o p t i m i s a t i o n was not reached 
( 5 % r e l a t i v e ) , the maximum recoveries obtained are shown i n Table ^.15 
together w i t h the running c o n d i t i o n s which brought about these recover-
i e s . The s i n g l e pass spray chamber w h i l e used i n an attempt t o improve 
the mass t r a n s p o r t of the s l u r r y d i d r e s u l t i n plasma i n s t a b i l i t y 
problems. O r i g i n a l l y a SP5C without a s p o i l e r was employed but severe 
condensing of the aerosol i n the 3mm i n j e c t o r occurred. When a s p o i l e r 
was introduced short term s t a b i l i t y was improved but w i t h time the 
aerosol g r a d u a l l y condensed again i n the i n j e c t o r and oc c a s i o n a l l y was 
ej e c t e d , e x t i n g u i s h i n g the plasma. S t a r v i n g the nebu l i s e r by using low 
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TABLES 4.15 
Multi-element simplex o p t i m i s a t i o n ( I ) of s l u r r y SA1/C120 f o r maximum 
recovery using the ARL 35000 ICP. 
Element Cu Zn Fe 
Wavelength/nm 219.958 213.856 259.9^^ 





Forward power /kW 
So l u t i o n feed r a t e / ml min"^ 
C a r r i e r gas flow r a t e / 1 min'-^ 
Viewing height / mm 
Coolant gas / RSI 
A u x i l i a r y gas / P5I 
Spray chamber 







ARL s i n g l e pass + impact bead 
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TABLE £^ .16 
Multi-element simplex o p t i m i s a t i o n ( I I ) of s l u r r y SA1/C120 
f o r maximum recovery using ARL 35000 ICP 
Element Cu Zn Fe Ag 
Wavelength /nm 219.958 213.856 259.9if 338,289 
Recovery I % 95 92 92 103 
Plasma Conditions 
Forward power /kW 
So l u t i o n feed r a t e / ml min"-*-
C a r r i e r gas flow r a t e / 1 min""'-
Viewing height / mm 
Coolant gas / PSI 
A u x i l i a r y gas / PSI 
Spray chamber 







Double pass spray chamber 
3 
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l i q u i d flow r a t e s was found t o be of b e n e f i t but r e s t r i c t e d one of the 
simplex parameters. 
The simplex was repeated using the same ne b u l i s e r but w i t h a DSPC and 
3 mm i n j e c t o r t o help overcome some of the l i q u i d t r a n s p o r t problems. 
The response f o r each element was c a l c u l a t e d using a s l i g h t l y d i f f e r e n t 
equation: 
^ r ) = h-^s X h'^s (^-3) 
^ s o l - ^ s o l ^s 
This allowed the s l u r r y t o s o l u t i o n response t o f i n d a maximum w h i l e 
weighting the s l u r r y value t o guide the simplex t o greater recoveries 
and s l u r r y s i g n a l . The maximum recoveries obtained from t h i s 
experiment are shown i n Table ^.16. As pr e v i o u s l y found, i n s t a b i l i t i e s 
i n the plasma l i m i t e d the success of the experiment due t o short term 
d r i f t and the stopping c o n d i t i o n f o r the o p t i m i s a t i o n was not reached. 
The improved recoveries seen i n the second simplex experiment would 
suggest a clo s e r match i n t r a n s p o r t e f f i c i e n c y between s l u r r y and 
standard s o l u t i o n s ; t h i s being the r e s u l t of using a d i f f e r e n t spray 
chamber as the s l u r r i e s used f o r both simplexes were s i m i l a r i n 
p a r t i c l e s i z e d i s t r i b u t i o n . 
i^.3.2 Canadian C e r t i f i e d Reference Ores 
Two c e r t i f i e d ores from the Canadian C e r t i f i e d Reference M a t e r i a l s 
P r o j e c t , CCRMP, (CANMET, 555 Booth S t r e e t , Ottawa, Ontario, Canada) 
designated KCla and MPla were analysed by the s l u r r y technique. The 
ores were p o l y d e n s i t i c , c o n t a i n i n g up to 8 minerals i n KCla and 13 i n 
MPla. 
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These minerals are shown i n Table 2.1 of Chapter 2 together w i t h t h e i r 
measure of hardness (MOH). 
4.3.2.1 S l u r r y a t o m i s a t i o n experiments w i t h KCla and MPla using the 
Plasmakon S-35 ICP 
S l u r r i e s of 1.0% m/v were prepared from the 'as received' ores KCla and 
MPla by the b o t t l e and bead method using a three hour g r i n d i n g p e r i o d . 
Eight elements were determined i n these s l u r r i e s using the Plasmakon 
S-35 ICP under the c o n d i t i o n s shown i n Table 4.17. 
4.3.2.2 Results and discussion 
Table 4.18 shows the r e s u l t s of the s l u r r y a n a l y s i s w i t h KCla and MPla. 
Near t o f u l l recoveries are seen f o r the more v o l a t i l e elements i . e . 
lead, z i n c , and arsenic w h i l e the l e a s t v o l a t i l e species, molybdenum, 
only shows about 14% recovery. While some t r a n s p o r t e f f e c t s would have 
to be considered f o r these m a t e r i a l s ( p a r t i c l e s i z e a n a l y s i s showed f o r 
KCla, 87% by volume less than 8pm and 75% less than 3|jm w h i l e f o r MPla, 
94% less than 8fjm and 82% less than 3/jm) the e f f e c t of s e l e c t i v e 
v o l a t i l i s a t i o n i s suggested. A g r a p h i c a l r e p r e s e n t a t i o n of the 
recoveries of these elements against t h e i r heat of atomisation i s shown 
i n Figure 4.7 and the trend i s i n d i c a t i v e of a thermodynamic e f f e c t 
o c c u r r i n g w i t h i n the atomisation process. Table 4.19 shows the values 
of heats of v a p o r i s a t i o n ^ ^ ^vap/*'^'^ some o f the minerals present i n 
KCla and MPla from 2000 t o 3500K together w i t h the t o t a l enthalpy 
change on going from pure s o l i d minerals a t 298K t o gaseous atoms a t 
t h a t p a r t i c u l a r temperature ( c a l c u l a t e d data obtained from the C e n t r a l 
Thermodynamic Database system, David Campbell, MPB group, BP Research 
Centre, Sunbury-on-Thames, Middlesex, UK). 
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TABLE 4.17 
Operating c o n d i t i o n s used on the Kontron S-35 ICP f o r the a n a l y s i s of 
CRM ores KCla and MPla by the s l u r r y technique. 
Torch 'Greenfield s i z e ' 
Forward power / kW 1.5 
Gas flow rates / 1 min"-'-
Coolant 16 
A u x i l i a r y 0.6 
C a r r i e r 1.9 
I n j e c t o r bore /mm 3 
Nebuliser type Ebdon 
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TABLE 4.18 
The determination of e i g h t elements i n the CANMET CRM ores 
MPla and KCla by s l u r r y atomisation using the Kontron S-35 ICP. 
Element Wavelength S l u r r y Cert.value s l u r r y Cert.value 
/nm 
Cu% 219.958 0.if 5+0.01 0.629jf0.015 0.99+0.01 l.^f^-^O-Ol 
Zn% 213.856 33.7+0.5 3^ .^65 +^ 0.15 16.7 +0.2 19.02+0.10 
Ag%(^jgg -M 338.289 0.11+0.005 0.167+0.002 (45+if) (69.7+2.2) 
Pb% 283.306 2.27+0,03 2.24+0.03 3,7 +0.05 4.33+.0.03 
Sn% 283.999 0 .A4+0.02 0.61+0.02 0.86+0.02 1.28+^0.04 
Mo% 379.825 0.004+0.0004 0.029+0.001 
As% 234.984 0.74 + 0.02 0.84 +0.02 
Fe*% 259.954 8.6+0.2 10.9* 4.9 + 0 . 1 6.2* 



















Graph showing the c o r r e l a t i o n between the elemental heat of atomisation 
and the percentage recovery (E) obtained from the analysis of the CANMET 
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TABLE 
Heats of Vaporisation ^H^^^p^ and t o t a l enthalpy change (TEC) 
data f o r some of the minerals i n KCla and MPla over 
the temperature range 2000 to 3500 K 
k Cal.mol'^ 
Chalcopyrite P y r i t e s Molybdenite Galena 
Temperature CuFeS 2 F e S 2 M0S2 PbS 
K AHvap TEC AHvap TEC AHvap TEC ^ ^ a p TEC 
2000 327.7 393.2 267.6 299.7 337.1 381.8 130.6 154.0 
2500 317.7 ^03.8 265.2 307.7 333.if 389.6 128.4 159.8 
3000 308.2 262.7 316.0 330.1 397.8 126.2 166.1 
3500 299.3 if26.6 260.2 32if.5 327.£f ^06.6 12 i f . l 172.9 
C a s s i t e r i t e S p h a l e r i t e 
Temperature S n 0 2 ZnFeS MoO^ 
K ^ ^ a p TEC ^"vap TEC ^"vap TEC 
2000 325.2 359.2 138.6 163.6 491.0 548.4 
2500 322.0 367.5 136.5 168.7 486.0 558.5 
3000 381.1 375.7 134.2 173.8 481.2 568.9 
3500 313.5 383.8 131.8 178.9 477.1 580.0 
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These values show the same trend against recovery as previo u s l y found. 
I t i s of note t h a t v a r i a t i o n s i n recovery f o r the same mineral type 
i n d i c a t e t h a t atomisation phenomena cannot wholly e x p l a i n the observed 
e f f e c t s . 
The emisson i n t e n s i t y from an atom l i n e i s known t o be dependent upon 
the plasma operating c o n d i t i o n s , s p e c i f i c a l l y the forward power and the 
i n j e c t o r f l o w r a t e , together w i t h the h e i g h t o f observation. Using the 
atom l i n e s of copper and s i l v e r , 219.958 nm and 338.289 nm r e s p e c t i v e l y 
the i n t e n s i t i e s from the f i n e l y ground 1 % m/v s l u r r i e s o f the reference 
ores KCla and MPla (used p r e v i o u s l y ) and from s o l u t i o n s c o n t a i n i n g the 
equ i v a l e n t elemental c o n c e n t r a t i o n were monitored as a f u n c t i o n o f 
viewing height i n the analyte channel of the plasma. 
The running c o n d i t i o n s were v a r i e d u n t i l the i n t e n s i t y scans from 
s o l u t i o n and. s l u r r y showed a p o i n t of coincidence f o r both analytes 
(Figures 4.8(a) and ( b ) ) . The viewing height was noted and the copper 
and s i l v e r contents o f the s l u r r i e s determined using simple aqueous 
standards and the new plasma c o n d i t i o n s . These c o n d i t i o n s are shown i n 
Table 4.20 and the r e s u l t s o f the s l u r r y determination are shown i n 
Table 4.21. While a compromise viewing height was used (13 mm) t o 
determine the s i l v e r and copper content from Figure 4.8(a) and (b) i t 
i s seen t h a t congruency of the s o l u t i o n and s l u r r y emission l i n e s 
occurs a t 10mm hei g h t f o r copper and 18mm h e i g h t f o r s i l v e r . I t i s o f 
note t h a t ( i ) a t these high flow r a t e s some ma t r i x e f f e c t s w i l l begin 
t o be seen i n the viewing zone 10 to 20mm above the load c o i l and ( i i ) 
the viewing height emission p r o f i l e s do not show a w e l l defined maximum 
(peak). This i s as i f the atomisation process i s spread out over a 
broad viewing region e.g. from around 8 mm up t o 23mm i n the case o f 
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FIGURE 4.8 
Viewing height emission p r o f i l e s f o r equivalent concentrations of 
elements i n s o l u t i o n and s l u r r y (KCla) under plasma c o n d i t i o n s 
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TABLE 4.20 
New plasma" operating c o n d i t i o n s used f o r the determination of 
copper and s i l v e r i n the ore s l u r r i e s KCla and MPla. 
Forward power /kW 2.0 
Gas flow rates / Imin"^ 
Coolant 18 
A u x i l i a r y 0.6 
I n j e c t o r 2.6 
I n j e c t o r bore size /mm 3 
Viewing height / mm 13 
TABLE 4.21 
The determination of copper and s i l v e r i n ores KCla and MPla 
by s l u r r y atomisation using the c o n d i t i o n s shown i n Table 4.20 
KCla MPla 
Cu Ag Cu 
Cert.Ref.value/ % 0.629 0.167 1.44 
S l u r r y value/ % 0.569 0.19 1.27 
Recovery/ % 90.5 113 88.1 
Previous Recovery/ % 71.5 65.8 68.8 
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s i l v e r , thereby c r e a t i n g c o n d i t i o n s f o r near coincidence (due t o high 
p a r t i c u l a t e v e l o c i t i e s / s h o r t plasma residence times) 
4.3.2.3 S l u r r y atomisation experiments w i t h KCla and MPla using the ARL 
35000 ICP. 
S l u r r i e s o f 0.1 and 1 % m/v were prepared from the ores, KCla and MPla, 
using the microniser method and a g r i n d i n g period of 15 minutes. Six 
elements were determined i n each s l u r r y using the ARL 35000 ICP under 
the c o n d i t i o n s shown i n Table 4.22. I n an attempt t o improve s l u r r y 
t r a n s p o r t a s i n g l e pass ARL c o n i c a l spray chamber ( w i t h o u t a s p o i l e r ) 
was used together w i t h a 3mm bore i n j e c t o r and Ebdon high s o l i d s 
n e b u l i s e r . 
4.3.2.4 Results and discussion 
Table 4.23 shows the r e s u l t s from t h i s experiment together w i t h the 
c a l c u l a t e d recoveries. The very low c a r r i e r gas flow r a t e (0.6 1 min"^) 
and l i q u i d flow r a t e (0.4 ml min"^) were employed t o negate the 
r e c u r r e n t problem of aerosol condensation i n the i n j e c t o r and h i g h 
aerosol/vapour loading of the plasma. While t r a n s p o r t e f f i c i e n c i e s 
were obviously increased f o r both s o l u t i o n and s l u r r y , a r e l a t i v e 
r e d u c t i o n of the mass f l u x as a r a t i o of s l u r r y over s o l u t i o n i s 
i n d i c a t e d from the low re c o v e r i e s . A low gas f l o w through the 3mm bore 
i n j e c t o r would r e s u l t i n longer p a r t i c l e residence times i n the plasma 
(due t o lower p a r t i c l e v e l o c i t i e s ) thereby reducing any atomisation 
e f f e c t s . 
Samples of KCla and MPla were ground f o r fo u r hours by the b o t t l e and 
bead method to i n v e s t i g a t e the e f f e c t of p a r t i c l e s i z e upon recovery 
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TABLE 4.22 
Plasma running c o n d i t i o n s used f o r the determination of s i x analytes 
i n the ores KCla and MPla using the ARL 35000 ICP 
Torch 'Fassel' Type 
Forward power /kW 1.4 
Gas flow rates / 1 min"^ 
Coolant 13 
A u x i l i a r y 1 
C a r r i e r 0.6 
I n j e c t o r bore /mm 3 
Nebuliser type Ebdon 
L i q u i d f low rate/ml min'^ 0.4 
Spray chamber ARL ( c o n i c a l ) s i n g l e pass 
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TABLE 4.23 
The a n a l y s i s of KCla and MPla CRM ores by s l u r r y atomisation 
using the ARL 35000 ICP 
Element Zn Pb Cu Ag Fe Sn 
Wavelength/nm 213.85 283.30 324.75 338.29 259.94 283.99 
KCla % 
C e r t i f i c a t e value 34.65 2.24 0.629 0.167' (10.9) 0.61 
S l u r r y value 22.43 1.61 0.28 0.07 6.62 0.36 
% Recovery 64.7 71.9 44.5 41.9 60.7 59.0 
MPla % 
C e r t i f i c a t e value 19.02 4.33 1.44 69.7^jg g"^ (6.2) 1.28 
S l u r r y value 11.74 2.59 0.57 47.7^g g"^ 3.69 0.55 
% Recovery 61,7 59.8 39.6 68.4 59.5 43.0 
( ) i n d i c a t e d value only 
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TABLE 4.24 
Results from the determination of copper, i r o n , z i nc and lead i n the 
b o t t l e and bead ground s l u r r i e s KCla and MPla together w i t h the copper 
and i r o n values from the ore SA1/C120. Analysis on ARL 35000 ICP 
Element KCla MPla SA1/C120 
S l u r r y Cert. R*% S l u r r y Cert. R*% S l u r r y Cert. . R*% 
Cu% 0.35 0.629 55.6 0.84 1.44 58.3 0.35 0.37 95.7 
Fe% 11.2 (10.9) 102.7 6.8 (6.2) 109 18.5 18.2 101 
Zn% 29.9 34.65 86.3 * 18.2 19.02 95.6 
Pb% 2.2 2.24 98.2 3.6 4.33 83.1 
*R% Recovery as % 
Cert, C e r t i f i e d reference value 
( ) I n d i c a t e d value only 
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f o r these ores. The f i n e s l u r r i e s were analysed to determine t h e i r 
copper, i r o n , z i nc and lead contents using the plasma c o n d i t i o n s shown 
i n Table ^.22 w i t h the exception o f using a forward power of 1500W and 
gas flow r a t e of 1.0 1 min'-^. A newly constructed 3mm i n j e c t o r w i t h a 
smooth contoured base and DPSC were employed i n an attempt t o reduce 
the problems of aerosol n u c l e a t i o n a t the higher flow r a t e . These 
r e s u l t s are shown i n Table ii-.2^ together w i t h those found from the i n -
house ore SA1/C120, ground and analysed under the same c o n d i t i o n s . 
With the exception of the copper r e s u l t s f o r the ores KCla and MPla, 
near t o f u l l recoveries were obtained. I n most cases the ground 
m a t e r i a l s were 100% less than 6^ m and 50% less than 2^m. I t i s o f note 
t h a t s t a b i l i t y problems were s t i l l encountered w i t h t h i s sample 
i n t r o d u c t i o n system which was manifest i n the necessity t o r e c a l i b r a t e 
f r e q u e n t l y or renormalise by running standards e i t h e r side of every 
sample. 
^.3,3 Dolomite and Feldspar C e r t i f i e d Reference M a t e r i a l s 
Samples o f c e r t i f i e d reference m i n e r a l s , BCS 368 Dolomite (BCS, 
Middlesborough, UK) and NBS SRM 99a Feldspar (NBS, Washington, DC 
2023^^, USA) were analysed by the s l u r r y technique. Dolomite i s 
e s s e n t i a l l y calcium magnesium carbonate (CaMgCCO^)^) and i n nature the 
magnesium may be p a r t i a l l y replaced by other c a t i o n s (Dolomite forms a 
s o l i d s o l u t i o n s e r i e s w i t h a n k e r i t e - Ca(Fe,Mg,Mn)(C03)2). I t s d e n s i t y 
i s between 2.85 and 2.95 g cm"^ and i s considered semi-hard (MOH 3,5 to 
4 ) . The Feldspars are a group name which include the g r a n i t e , R h y o l i t e 
and Syenite rock system. The high potassium and sodium contents o f 
t h i s sample suggest t h a t i t i s a ' P e r t h i t e ' type being a mixture of 
sodium and potassium a l u m i n o s i l l c a t e s ( r e g u l a r a s s o c i a t i o n of a l b i t e or 
o l i g o c l a s e i n a m i c r o l i n e c r y s t a l host or po s s i b l y o r t h o c l a s e ) . I t s 
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d e n s i t y i s u s u a l l y 2.55 t o 2.65 g cm""^  and i s very hard (MOH 6 t o 6.5). 
Very minor q u a n t i t i e s of other minerals are o f t e n associated w i t h i t 
but quartz can sometimes be present a t percentage l e v e l s , 
4.3.3.1 The a n a l y s i s of Dolomite and Feldspar by s l u r r y atomisation 
Samples of BCS 368 Dolomite and NBS 99a Feldspar were ground, using the 
b o t t l e and bead method, f o r f o u r hours and prepared as both 0.1 and 
1 % m/v s l u r r i e s . These were s t a b i l i s e d i n 0.1% SHMP dispersant. 
I r o n , aluminium, magnesium, calcium and manganese were determined by 
the s l u r r y technique using simple c a l i b r a t i o n s o l u t i o n s . The analyses 
were performed on the Plasmakon 5-35, using the c o n d i t i o n s of 1500W 
forward power, 16 1 min*^ and 0.6 1 min"-^ coolant and a u x i l i a r y f l o w s , 
a t various viewing heights and i n j e c t o r flows based on the optimum 
s i g n a l t o background emission r a t i o from the s o l u t i o n s . The sample 
i n t r o d u c t i o n system used was a double pass spray chamber and 3mm bore 
i n j e c t o r , 
^v.3.3.2. Results and d i s c u s s i o n . 
The r e s u l t s of the s l u r r y determination are shown i n Table ^f.25. While 
the i r o n i o n l i n e 259.837 nm was viewed under various running 
c o n d i t i o n s t o b r i n g about f u l l recovery from the Dolomite sample i t was 
found t h a t the atom l i n e 371.993 nm gave nearly 95% recovery under 
normal running c o n d i t i o n s (1.5 kW power, 1.8 1 min"-^ c a r r i e r gas flow 
r a t e ) . The viewing h e i g h t , however, was 30 mm. Figure 4.9 shows a 
comparison of the i r o n atom and i o n l i n e viewing height emission 
p r o f i l e s and d i s p l a y s how the i r o n atom emission r i s e s to a maximum a t 
30 mm height as the flow r a t e increases. I n comparison, a t 1.7 t o 
1.8 1 min"^ the i r o n i o n l i n e gave recoveries of 77 t o 78% at 18 mm 
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TABLE if.25 
The ana l y s i s of Dolomite and Feldspar C e r t i f i e d Reference M a t e r i a l s 
by s l u r r y atomisation ICP-AES. 
Element Experiment 
Dolomite % 
Fe I I 1 
Fe I I 2 
Fe I I 3 
Fe I I 
Fe I 5 
Fe I I 6 
Al I 7 
A l I 8 
Al I 9 
Mg I 10 
Ca I I 11 













Wave- 1 C e r t i f i e d S l u r r y 
length value value 
nm 
259.84 0.161 0.125 
259.8'f 0.161 0.140 
259.84 0.161 0.148 
259.84 0.161 0.186 
371.99 0.161 0.152 
259.94 - -
396.152 0.09 0.090 
396.152 - -
396.152 0.09 0.095 
285.213 12.6 12.04 
317.933 22.0 19.5 
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(1) Contamination from g r i n d i n g process 
FIGURE 4.9 
Viewing height emission p r o f i l e s from i r o n i n BCS 368 Dolomite 
s l u r r y u s i n g the i r o n i o n l i n e 259.94nm and i r o n atom l i n e 
371.993nm at low gas flow r a t e (1.3 1 min ^ ) and high gas flow 
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viewing height. C a l c u l a t i o n s show an increase of nearly 45% f o r 
p a r t i c l e residence time i n the plasma, based on the p o i n t of e n t r y t o 
the viewing p o s i t i o n , when the atom l i n e 371.993 nm i s used. As a l l 
other t r a n s p o r t c o n d i t i o n s are the same, the near f u l l recovery can be 
explained i n terms of atomisation e f f i c i e n c y . I t i s of considerable 
note t h a t , from Table 4,25, a l l elements t h a t were determined a t 1.4 t o 
1.8 1 min"-*- c a r r i e r gas flow r a t e (normal s o l u t i o n c o n d i t i o n s ) using an 
atom l i n e and high viewing p o s i t i o n s i . e . Fe, A l , Mg between 27 and 
33 mm, gave near t o f u l l r ecoveries i n the Dolomite sample, w h i l e those 
determined using ion l i n e s i . e . Fe, Ca, Mn, a t normal s o l u t i o n viewing 
p o s i t i o n s , 18 t o 19 mm, gave recoveries o f less than 90%. The p a r t i c l e 
s i z e d i s t r i b u t i o n o f the Dolomite s l u r r y was such t h a t 90% (by volume) 
was under 2.6 pm and 100% under 5 jjm. I n c o n t r a s t the harder Feldspar 
sample showed 55% under 2.6 pm and 100% under 10 pm and hence t r a n s p o r t 
(and p o s s i b l y atomisation) e f f e c t s would be more pronounced (as shown 
by the aluminium recovery, 80%, using the atom l i n e 396.152 nm a t 
27.5 mm viewing h e i g h t ) . 
4.4. TRANSPORT AND ATOMISATION PHENOMENA FROM ALUMINA SLURRIES 
While t r a n s p o r t a t i o n e f f e c t s may occur w i t h many d i f f e r e n t s l u r r i e d 
m a t e r i a l s , depending upon the s i z e o f the s o l i d m a t r i x , atomisation 
phenomena are more l i k e l y t o be present i f the thermodynamic p r o p e r t i e s 
of the m a t r i x demands a high energy i n p u t p r i o r t o e x c i t a t i o n of a 
concomitant a n a l y t e . The high melting and b o i l i n g p o i n t s of alumina 
(2345 and 3253 K r e s p e c t i v e l y ) t o g e t h e r w i t h the high enthalpy change 
required f o r alumina t o undergo the f o l l o w i n g r e a c t i o n ; 
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at 3500 K, 3.4 x 10^ 3 mol"^, make t h i s m a t e r i a l a prime candidate f o r 
examination o f atomisation e f f e c t s . A t h e o r e t i c a l approach t o the 
decomposition oiF alumina p a r t i c l e s i n a plasma environment has been 
published by Allemand and Barnes (127) and f o r ceramic m a t e r i a l s 
i n c l u d i n g alumina by Raeymaekers et a l . ( 8 8 ) . 
A-.^f.l, The Determination of Aluminium i n Alumina. 
Two samples of alumina were used f o r the determination o f aluminium by 
the s l u r r y technique. One was an u l t r a f i n e ( r e p o r t e d t o have a mean 
p a r t i c l e s i z e of 0.05 pm) p o l i s h i n g alumina (BDH, Poole, Dorset, UK) 
whil e the other was a l a b o r a t o r y standard prepared f o r X-Ray f l u o r -
escence (BP Research Centre, Sunbury-on-Thames, Middx, UK) and very 
much coarser (up t o 16 pm p a r t i c l e s i z e ) . An examination of both 
m a t e r i a l s by powder X-Ray d i f f r a c t i o n showed the major phase t o be 
gamma alumina. 
Samples of the two alumina m a t e r i a l s were analysed by the s l u r r y 
technique and a f t e r d i s s o l u t i o n , by a sodium peroxide f u s i o n / n i t r i c 
acid a t t a c k , f o r aluminium. Three d i f f e r e n t p a r t i c l e sized alumina 
s l u r r i e s were prepared by the b o t t l e and bead method and s t a b i l i s e d i n 
0.1% m/v SHMP s o l u t i o n . The u l t r a f i n e alumina sample was ground f o r 15 
minutes t o produce the f i n e s t s l u r r y w h i l e the coarser alumina sample 
was d i v i d e d and ground f o r 15 minutes and 1 hour t o produce a coarse 
s l u r r y and an intermediate sized s l u r r y r e s p e c t i v e l y . The deter-
mination of aluminium i n both s o l u t i o n s and s l u r r i e s was performed 
using the Plasmakon S-35 ICP under the running c o n d i t i o n s shown i n 
Table 4.26 ( a ) , 
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TABLE 4,26 
Plasma running c o n d i t i o n s used on the Plasmakon S-35 ICP f o r the 
determination of aluminium i n coarse, medium and f i n e 
alumina s l u r r i e s and f u s i o n s o l u t i o n s . 
Torch 
Forward power/kW 
Gas f l o w r a t e s / 1 min"^ 
Coolant 
A u x i l i a r y 
C a r r i e r 







G r e e n f i e l d type 
1.5 
16 - 17 




















For medium p a r t i c l e s i z e alumina s l u r r y as defined i n Table 4,27 
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^,^.2, Results and Discussion. 
The t h e o r e t i c a l aluminium content of alumina i s 52.9^^%. The f u s i o n 
s o l u t i o n s gave the aluminium content o f the alumina samples as 
52.75+^0.25. Table i^.27 shows the aluminium recoveries of the coarse, 
medium and f i n e alumina s l u r r i e s together w i t h t h e i r s i z e d i s t r i b -
u t i o n s . While a l l s l u r r i e s were over 90% (by volume) l e s s than 8 um 
only the u l t r a f i n e s l u r r y (100% l e s s than 2.5 pm, the mode o f the 
d i s t r i b u t i o n - l e s s than 1 pm) gave near f u l l recovery, i n d i c a t i n g t h a t 
both the t r a n s p o r t and atomisation e f f i c i e n c i e s o f the s l u r r y are very 
close t o t h a t o f a s o l u t i o n . As the p a r t i c l e s i z e increases the 
recovery f o r aluminium decreases. That a t r a n s p o r t e f f e c t i s present 
f o r the coarse alumina s l u r r y can be seen i n the p a r t i c l e s i z e 
d i s t r i b u t i o n s of Figure ^f.lO, where a separate sample of the coarse 
alumina was ground f o r 15 t o 20 minutes and c o l l e c t e d a t the t i p o f a 
3 mm i n j e c t o r a f t e r passing through an Ebdon n e b u l i s e r and double pass 
spray chamber. C l e a r l y , l i t t l e m a t e r i a l over 5 pm i s seen a f t e r 
t r a n s p o r t a t i o n w h i l e the s t a r t i n g s l u r r y shows m a t e r i a l up t o 8 pm i n 
s i z e . I t i s of i n t e r e s t t o note t h a t the p r e v i o u s l y mentioned Dolomite 
BCS 368 sample, which was of a very f i n e p a r t i c l e s i z e (100% less than 
5 pm, 90% l e s s than 2.6 pm), gave f u l l recovery f o r the aluminium 
content by the s l u r r y technique. 
The atomisation e f f i c i e n c y of a coarse alumina s l u r r y can be improved, 
r e l a t i v e t o t h a t of a s o l u t i o n by using a reduced c a r r i e r gas flow r a t e 
(1.2 1 min"^), through a 3 mm bore i n j e c t o r . The r e s u l t a n t increase i n 
residence time f o r s l u r r y p a r t i c l e s improved the recovery of the medium 
size f r a c t i o n alumina from 74% t o 90%.These c o n d i t i o n s are shown i n 
Table £^.26(b). 
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F u l l recoveries are obtained when a s l u r r y aerosol models t h a t of a 
s o l u t i o n w i t h respect t o ( i ) the mass f l u x of the ana l y t e under 
c o n s i d e r a t i o n , ( i i ) the aerosol mass f l u x and p a r t i c l e s i z e - d i s t -
r i b u t i o n and ( i i i ) the atomisation and e x c i t a t i o n processes i n the 
plasma environment. 
That only the u l t r a f i n e s l u r r i e s of alumina ( l e s s than 2.5 j^m s i z e ) 
show t h i s congruency w i t h s o l u t i o n s i s put i n perspective when the f a t e 
of an aluminium (as n i t r a t e ) c a l i b r a t i o n s o l u t i o n aerosol i s considered 
on a p a r t i c l e mass basis e n t e r i n g the plasma. Using the s o l u t i o n 
aerosol d i s t r i b u t i o n t h a t e x i t s from a double pass spray chamber 
(Malvern aerosol study, Chapter 3, Figure 3.7) i t i s poss i b l e t o 
c a l c u l a t e the maximum s o l i d p a r t i c l e s i z e d i s t r i b u t i o n o f aluminium 
oxide formed from the de s o l v a t i o n and decomposition process: 
4A1(N03)3 •*• ^ "2^ 
S o l u t i o n aerosol 
600K 
-t^ 2AI2O3 + I2NO2 + 3O2 + XH2O (4.6) 
s o l i d gas 
using the equation dc = dA . (Y.Cf) (4.7) 
where d^ i s the r e s u l t a n t s o l i d p a r t i c l e diameter i n fjm ( i n t h i s case 
f o r AI2O3), dy^  i s the s o l u t i o n aerosol p a r t i c l e diameter i n \sm ( i n t h i s 
case A1(N03)3 aerosol p a r t i c l e s ) , Y i s the weight i n grams of the 
analyte per cm^ of s o l u t i o n ( i n t h i s case aluminium per cm^ o f s o l u t i o n 
A1(N03)3), C^  i s the compound f a c t o r ( t h e weight r a t i o of the r e s u l t a n t 
compound t o an a l y t e , i n t h i s case AI2O3/2AI) and i s the density o f 
the r e s u l t a n t compound i n g cm'"^  ( i n t h i s case 3.96 g cm"^ f o r Al^O^). 
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The worst scenario i s considered i n t h a t no a b l a t i o n of the aerosol 
p a r t i c l e or s o l i d occurs during the deso l v a t i o n and decomposition 
processes. Figure 4,11 shows the r e l e v a n t d i s t r i b u t i o n s and i t can be 
seen t h a t a 21 urn s i z e aerosol p a r t i c l e (maximum) c o n t a i n i n g aluminium 
a t a c o n c e n t r a t i o n of 500 pg ml'^ ( e q u i v a l e n t t o the aluminium i n the 
f i n e alumina s l u r r i e s ) would y i e l d a maximum sized alumina p a r t i c l e of 
1.27 pm diameter. As only the u l t r a f i n e alumina approached t h i s 
h y p o t h e t i c a l s o l i d d i s t r i b u t i o n , i t i s t o be expected t h a t s l u r r i e s 
prepared from t h i s m a t e r i a l would give near t o f u l l r e coveries, 
compared w i t h the coarser alumina samples. 
Raeymaekers et a l . (88) have r e c e n t l y measured the maximum s i z e of 
s o l i d p a r t i c l e s t h a t e x i t from a s i n g l e pass spray chamber w i t h 
i n j e c t o r using various s i z e f r a c t i o n s o f alumina i n suspension (<10pm, 
10 t o 20 pm, 20 t o 25 jjm). P a r t i c l e s up t o 17 ^ m i n diameter were 
noted but no f i n a l s o l i d s d i s t r i b u t i o n was given. The aluminium 
emission from these suspensions was compared w i t h t h a t from a s o l u t i o n 
c o n t a i n i n g an equal c o n c e n t r a t i o n of the analyte using an ICP under the 
c o n d i t i o n s o f 2.4 kW power and 1 1 min"-^ c a r r i e r gas f l o w . The 
r e l a t i v e response (designated here f o r convenience as recovery, R %) 
was considered i n terms of evaporation e f f i c i e n c y . Experimental 
t r a n s p o r t f a c t o r s , however, were not taken i n t o account. From t h e i r 
paper f o r 1 t o 10 urn sized p a r t i c l e s , R = 75%, and f o r 10 to 20 pm 
s i z e , R = 20%. For a f i n e alumina suspension (95% less than 2.5 fjm), 
however, f u l l r ecoveries were obtained. T h e o r e t i c a l c a l c u l a t i o n s based 
on t h e i r proposed evaporation model (where T^^^ = 5000 K taken) suggest 
t h a t f u l l a t o m isation of alumina p a r t i c l e s up t o 10 ;jm i n diameter 
should occur a f t e r t r a v e l l i n g 20 mm through the plasma while f o r 
p a r t i c l e s i n the range 10 t o 20 [jm siz e only 55% of m a t e r i a l i s 
atomised a f t e r t r a v e l l i n g 30 mm through the plasma. This i s i n 
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FIGURE 4.10 
By volume p a r t i c l e s i z e d i s t r i b u t i o n of ground alumina s l u r r y 
before and a f t e r t r a n s p o r t a t i o n through a double pass spray 
chamber w i t h 3mm i n j e c t o r at a gas flow r a t e of 2 1 min ^ . 
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By weight p a r t i c l e s i z e d i s t r i b u t i o n of aerosol e x i t i n g a double 
pass spray chamber and t h e o r e t i c a l maximum•alumina p a r t i c l e s i z e 
produced by decomposition of SOOpg ml~^ aluminium n i t r a t e aerosol 
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1.27 O E S O L V A T E D A E R O S O L 
TABLE if.27. 
V a r i a t i o n , w i t h p a r t i c l e s i z e , of the aluminium recovery (R%) 
from coarse, medium and f i n e alumina s l u r r i e s . 
% less than / um 
R% Slurry"*" 8 5 3 2.5 
99 Fine 100 100 100 100 
Ik Medium 94 88 69 47 
55 Coarse 93 77 46 25 
+ See t e x t f o r d e f i n i t i o n . 
TABLE 4.28 
Plasma running c o n d i t i o n s used on the Plasmakon S-35 ICP 
f o r the measurement of the AlO emission band head (0-0) 
as a f u n c t i o n of viewing h e i g h t . 
Torch 
Forward power/kW 
Gas flow rates/lmin"-^ 
Coolant 
A u x i l i a r y 
C a r r i e r 
I n j e c t o r bore/mm 
Nebuliser, type 
Spray chamber 
AlO band head (0-0)/nm 
Viewing height/mm 
Gr e e n f i e l d type 








10 - 50 
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c o n t r a s t t o the experimental evidence of Monnig and Koirtyohann (128) 
who used a Mie s c a t t e r i n g technique t o f o l l o w aerosol p a r t i c l e s of 
aluminium i n s o l u t i o n (5000 ^g ml"^) through the plasma. P a r t i c l e s 
were seen t o p e r s i s t a t the top of the i n i t i a l r a d i a t i o n zone and i n t o 
the normal a n a l y t i c a l viewing zone. These were considered t o be the 
presence of r e f r a c t o r y alumina. As a 10 pm diameter aerosol p a r t i c l e 
from 5000 ug ml~^ aluminium i n s o l u t i o n would produce a maximum sized 
alumina p a r t i c l e of about 1.3 fjm the evidence i s t h a t much smaller 
p a r t i c l e s than those proposed by Raeymaekers et a l . are able t o w i t h -
stand the thermal environment of the plasma. 
^ . i t . 3 . The Measurement of AlO Emission i n a Plasma from S o l u t i o n s and 
S l u r r i e s . 
Aluminium i n s o l u t i o n may, upon e n t e r i n g a plasma, decompose t o form 
the thermodynamically s t a b l e oxide, AI2O3 as shown i n equation if . 6 . 
Aluminium i s also known t o form a s t a b l e molecular monoxide, AlO, i n 
c e r t a i n plasmas ( a r c s , flames, s t a r s , ( 1 2 9 ) ) . As t h i s oxide can 
p e r s i s t i n high temperature environments i t s presence and co n c e n t r a t i o n 
at various p o i n t s i n the analyte channel of an ICP may give an 
I n d i c a t i o n o f the atomisation (and l a t e r recombination) r a t e mechanism 
through which a decomposing alumina or aluminium-containing aerosol 
p a r t i c l e undergoes. Any d i f f e r e n c e s between the AlO viewing height 
emission p r o f i l e s from s o l u t i o n s and s l u r r i e s may i n d i c a t e a d i f f e r e n c e 
i n the t r a n s p o r t a t i o n and thermal breakdown o f the alumina p a r t i c l e s 
i n v o l v e d . No d i f f e r e n c e s would i n d i c a t e t h a t both processes are 
s i m i l a r . 
Two s l u r r i e s o f alumina were prepared t o give an aluminium concent-
r a t i o n of 10,000 |jg ml""*" (<2% m/v s o l i d s l o a d i n g ) . One s l u r r y was of 
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the u l t r a f i n e alumina grade (100% below 2.5 pm) w h i l e the other was the 
coarse alumina used i n the previous experiments. Both were ground f o r 
10 minutes by the b o t t l e and bead method i n 0,1% m/v SHMP s o l u t i o n t o 
b r i n g about a primary p a r t i c l e d i s p e r s i o n . Using the plasma c o n d i t i o n s 
shown i n Table 4,28 the intense AlO emission band head (0-0) a t 
484,22 nm (129) was monitored from the s l u r r i e s and a standard 10,000 
ug ml"^ aluminium s o l u t i o n as a f u n c t i o n of height above the load c o i l . 
The background was monitored a t 484.10 nm. 
4.4.4. Results and Discussion 
The w e l l defined AlO band head emission (0-0) at 484.22 nm i s shown i n 
Figure 4.12 f o r a 2% m/v alumina s l u r r y a t 40 mm height. The u l t r a f i n e 
alumina and standard aluminium s o l u t i o n show near i d e n t i c a l AlO 
emission p r o f i l e s over the height range 10 mm t o 40 mm (Figure 4.13). 
Again an i n d i c a t i o n of the u l t r a f i n e s l u r r y and s o l u t i o n s having 
equivalent atomisation and t r a n s p o r t mechanisms. The AlO emission from 
the coarse alumina against viewing h e i g h t i s shown i n Figure 4.14 
compared w i t h t h a t from the standard aluminium s o l u t i o n . The p r o f i l e s 
show the e f f e c t of both t r a n s p o r t , due t o the reduced AlO emission over 
the e n t i r e range, and atomisation, as the p r o f i l e s are d i f f e r e n t 
shapes. The coarse s l u r r y shows a broader and f l a t t e r AlO emission (25 
t o 50 mm h e i g h t ) suggestive o f atomisation e f f e c t s t h a t are dependent 
upon residence time. The p a r t i c l e s i z e d i s t r i b u t i o n o f the s t a r t i n g 
coarse alumina s l u r r y was such t h a t 100% (volume) of m a t e r i a l was below 
16 |am s i z e , 94% below 8 fam, 76% below 5 pm, 4 1 % below 3 pm and 20% 
below 2.5 |im. The peak AlO recovery ( r a t i o o f AlO net emission from 
s l u r r y over s o l u t i o n as percentage) i s 50 to 52% ( a t 23 mm h e i g h t ) . 
This i s comparable t o the aluminium recovery obtained p r e v i o u s l y f o r 




Wavelength emission scan across the 484.2 nm AlO emission band 
head obtained from a s p i r a t i n g a 1% m/V aluminium s o l u t i o n i n t o the 
plasma and viewed at 40mm above load c o i l . 
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Graph showing the net i n t e n s i t y of the AlO emission band head, from a 2% 
m/V u l t r a f i n e alumina s l u r r y and a s o l u t i o n of equivalent aluminium 
co n c e n t r a t i o n , against viewing height i n plasma. 
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FIGURE 4.14 
Graph showing the net i n t e n s i t y of the AlO emission band head 
484.2 nm, from a 2% m/V coarse alumina s l u r r y and a s o l u t i o n of 
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I t i s of note t h a t a study by Reeves et a l . (130) of the s t a b l e 
monoxide emissions from ScO, VO, GdO and LuO (500 pg ml"^ s o l u t i o n s ) 
showed peaks i n the viewing p r o f i l e s around 15 t o 20 mm above the load 
c o i l . These experiments, however, were conducted w i t h a Fassel s i z e 
extended t o r c h t o reduce the ingress of a i r . 
^.A-.5. Atomisation Phenomena from Alumina S l u r r i e s , 
The AlO emission study suggested t h a t some time dependent atomisation 
phenomena may be present i n some coarser alumina s l u r r i e s . A greater 
a p p r e c i a t i o n o f such e f f e c t s may be gained from a comparison of the 
aluminium viewing height emission p r o f i l e s (VHEP) from alumina s l u r r i e s 
of v a r y i n g p a r t i c l e s i z e w i t h those from a s o l u t i o n o f equal aluminium 
c o n c e n t r a t i o n obtained under i d e n t i c a l plasma operating c o n d i t i o n s . 
Coarse, medium and u l t r a f i n e alumina s l u r r i e s ( 0 . 1 % m/v) were prepared 
by the b o t t l e and bead method i n 0.1% m/v SHMP s o l u t i o n and t h e i r VHEP 
were monitored w i t h the Plasmakon S-35 ICP using forward powers of 1.3 
to 2 kW and c a r r i e r gas flow r a t e s from 1.1 up t o 3 1 min"^. S o l u t i o n s 
of comparable aluminium content were monitored under the same con-
d i t i o n s . The aluminium atom l i n e s 308.22 nm and 396.152 nm were used. 
^^.4.6. Results and Discussion. 
Figure A-.15 (a) shows the VHEP f o r u l t r a f i n e alumina and a ^ 00 fjg ml"-*-
A l s o l u t i o n obtained a t 1.5 kW forward power and 2 1 min"-^ c a r r i e r gas 
flow r a t e . The p r o f i l e s are i d e n t i c a l and the r a t i o o f the emission 
responses ( c o r r e c t e d f o r background) shows f u l l recovery over the 
e n t i r e height range. Figure ^.15 (b) shows the VHEP from a coarse 
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alumina s l u r r y and a s o l u t i o n of equal aluminium content to the 
s t a r t i n g s l u r r y (2 kW forward power, 2.7 1 min"-^ c a r r i e r gas flow 
r a t e ) . The recovery from 5 mm t o 60 mm h e i g h t i s 50 to 60% and the 
p r o f i l e s are very s i m i l a r . No evidence f o r atomisation e f f e c t s i s seen 
and the reduced emission may be accounted f o r i n terms of t r a n s p o r t 
e f f i c i e n c y . The p a r t i c l e s i z e o f the coarse alumina s l u r r y i s s t a t e d 
i n s e c t i o n ^f.^^.^^. 
Figure 4.16 shows the p r o f i l e s obtained from a medium sized alumina 
s l u r r y ( d i s t r i b u t i o n given i n Table 4.27) compared w i t h a s o l u t i o n of 
equal aluminium content using a forward power of 1,5 kW and i n j e c t o r 
f l o w r a t e s of 1.1, 1.2 and 1,3 1 min"-*- (Figures 4.16 ( a ) , (b) and (c) 
r e s p e c t i v e l y ) . This s l u r r y p r e v i o u s l y gave a recovery of 74% (1,5 kW 
and 2 1 min"^). By i n c r e a s i n g the residence time i t can be seen t h a t 
at low viewing heights (5 mm) near coincidence of the p r o f i l e s occur a t 
1.2 and 1.3 1 min*-*- flow rates*. At 1.1 1 min'^ f l o w r a t e the p r o f i l e s 
begin t o converge a t a height o f 27 mm and are i n d i c a t i v e of time 
dependent atomisation processes. This viewing region compares w e l l 
w i t h t h a t used p r e v i o u s l y t o monitor atom l i n e emissions from s l u r r i e s 
t o g ive near t o f u l l r e c o v e r i e s . However, a t these low flow r a t e s some 
s e n s i t i v i t y i s l o s t due t o the use of a 3 mm i n j e c t o r . 
Parry (100) has shown t h a t by employing simplex o p t i m i s a t i o n w i t h a 
s u i t a b l e f i g u r e of m e r i t f u l l recoveries f o r the aluminium content of a 
c o a l s l u r r y can be r e a l i s e d . The running c o n d i t i o n s under which f u l l 
r ecoveries were obtained (Table 39 of reference 100) centred on high 
c a r r i e r gas flow r a t e s (2.6 to 3.0 1 min"-'-), high a u x i l i a r y , f l o w (up t o 
1.8 1 min"^), medium forward power (1.2 t o 1.5 k\V) and low viewing 
heights (5 t o 14 mm). With the exception of the forward power these 
c o n d i t i o n s are s i m i l a r t o those used t o produce a cross over of the 
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VHEP f o r the analytes copper and s i l v e r i n the CAMtCT ore s l u r r i e s KCla 
and MPla. 
I n t h i s alumina study the plasma running c o n d i t i o n s obtained by Parry 
(Table ^.Z9) were used t o produce VHEP from the medium p a r t i c l e s i z e 
alumina s l u r r y and s o l u t i o n s of equal aluminium content. These viewing 
p r o f i l e s are shown i n Figures ^.17 (a) t o ( c ) . I t can be seen from 
Figures 4^ .17 (a) and (b) t h a t the high c a r r i e r gas flow rates (2.7 and 
3.0 1 min"^) and power used (1.33 and 1.38 kW) cause the emission 
p r o f i l e s t o be f l a t t e n e d and broadened. No d e f i n i t e emission peak w i t h 
viewing height was observed and t h i s suggests t h a t the atomisation and 
e x c i t a t i o n processes are spread out i n the analyte channel o f the 
plasma. This e f f e c t occurs f o r both s o l u t i o n s and s l u r r i e s (but the 
p r o f i l e s are not i d e n t i c a l ) . This may i n p a r t be due t o a t h e r m a l i s i n g 
of the c e n t r a l channel which would cause the k i n e t i c temperature 
g r a d i e n t along t h i s a x i s t o be reduced. While the k i n e t i c temperature 
may be increased a t greater h e i g h t s , t h i s would be dependent upon the 
thermal energy t r a n s f e r r a t e from the plasma body t o the analyte 
channel. Atomisation and e x c i t a t i o n processes may t h e r e f o r e be present 
higher i n the plasma. I t can be conjectured t h a t one of two e f f e c t s 
may be o c c u r r i n g . 
( i ) That atomisation of both s o l u t i o n s and s l u r r i e s occurs low down i n 
the plasma and t h a t only the e x c i t a t i o n processes are able t o 
p e r s i s t higher up i n the plasma (thereby showing no improvement i n 
recovery when greater viewing heights are used t o observe 
emissions and f a i l i n g t o separate the t r a n s p o r t and possible 
atomisation processes). 
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( i i ) That both atomisation and e x c i t a t i o n processes are able to p e r s i s t 
higher up i n the plasma and hence may show a coincidence p o i n t f o r 
s o l u t i o n s and s l u r r i e s higher up (thereby i n d i c a t i n g t h a t a t these 
high gas flow r a t e s t r a n s p o r t processes are s i m i l a r f o r s o l u t i o n s 
and the medium sized alumina s l u r r y ) . 
Under the c o n d i t i o n s used t o produce p r o f i l e s (a) and (b) the l a t t e r 
e f f e c t i s suggested. Near coincidence of the aluminium emissions from 
s o l u t i o n and s l u r r y i s observed from 35 mm (Figure ^.17 ( a ) ) and ^0 mm 
(Figure ^^ .17 ( b ) ) . C e r t a i n l y a t the higher c a r r i e r gas flow r a t e s 
used, the t r a n s p o r t p r o p e r t i e s o f both s o l u t i o n and s l u r r y aerosols 
w i l l be modified compared w i t h conventional flow r a t e s (1.5 1 min"^) as 
would the residence time o f the p a r t i c l e s (50% of c o n v e n t i o n a l ) . Only 
a f i n e r aerosol and s o l i d s d i s t r i b u t i o n may t h e r e f o r e enter the plasma 
w i t h a p o s s i b l e r e s u l t t h a t , a t the v e l o c i t i e s i n v o l v e d , decreased 
atomisation occurs f o r both s o l u t i o n s and s l u r r i e s ( r e d u c t i o n i n 
emission, l o s s o f s e n s i t i v i t y ) but t o d i f f e r e n t degrees. 
Figure ^.17 (c) shows the e f f e c t of lowering the c a r r i e r gas flow r a t e 
(from 3.0 t o 2.6 1 min'-^) and Increasing the power t o 1.5 kW. The peak 
emission p o i n t normally seen around 18 t o 23 mm begins t o re-emerge but 
the coincidence p o i n t i s moved t o a higher viewing p o s i t i o n suggesting 
t h a t atomisation of the s o l u t i o n aerosol occurs before t h a t of the 
s l u r r y . This i s accentuated when the power i s r a i s e d to 1.7 kW f o r the 
same c a r r i e r f l ow r a t e (Figure ^.17 ( d ) ) . 
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FIGURE 4.15 
Viewing h e i g h t emission p r o f i l e s of the aluminium atom l i n e , 
396.152 nm/'from (a) an u l t r a f i n e alumina s l u r r y and s o l u t i o n and 
(b) a coarse alumina s l u r r y and s o l u t i o n of equivalent aluminium 
content. 
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FIGURE 4.16 
Viewing h e i g h t emission p r o f i l e s of the aluminium atom l i n e , 
308.215nm, from a ground alumina s l u r r y and from a s o l u t i o n of 
equivalent aluminium content at gas flow rates of (a) 1.1, (b) 1.2 
and (c) 1.3 1 min •1 
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TABLE ^ .29 
Plasma running c o n d i t i o n s (Plasmakon S-35) used t o produce the viewing 
height emission p r o f i l e s shown i n Figures ^ f . l 7 (a) t o ( d ) . 
Gas flow r a t e s / 1 . -1 mm 
Figure 4,17 Forward power C a r r i e r A u x i l i a r y Coolant 
/kW 
(a) 1.33 -2.7 1.7 22.3 
(b) 1.38 -3.0 1,6 22.6 
(c) 1.5 2.6 1.5 20.1 
(d) 1.7 2.6 1.5 20.1 
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FIGURE 4.17 
Viewing height emission p r o f i l e s of the aluminium atom l i n e , 
396.152 Dm, from a ground alumina s l u r r y and from a s o l u t i o n of 
equivalent aluminium content produced at high gas flow rates w i t h 
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THE DETERMIHATION OF MA30R ELEMEMTS IN CERAMIC MATERIALS BY SLURRY 
ATOMISATION. 
^f.5.1. The Recoveries of Zirconium from Fine Z i r c o n i a Powders. 
Z i r c o n i a powder i s a h i g h l y r e f r a c t o r y m a t e r i a l used i n the production 
of ceramic goods (thermal i n s u l a t o r s , furnace l i n e r s , c r u c i b l e s and 
s p e c i a l i s t engineering ceramics). As a consequence t h i s s t a b l e , high 
melting p o i n t s o l i d (3000 K) i s not r e a d i l y attacked by acids and 
a l k a l i e s and d i s s o l u t i o n i s g e n e r a l l y brought about by use of f u s i o n 
techniques and bomb d i g e s t i o n s . Such a step can be circumvented i n 
an a l y s i s i f a s l u r r y technique i s employed. A p r e l i m i n a r y study was 
undertaken t o determine the f e a s i b i l i t y of using s l u r r y atomisation f o r 
the a n a l y s i s of unground, as su p p l i e d , f i n e z i r c o n i a powder. 
Four samples of f i n e z i r c o n i a powder (Zr02) were obtained f o r a n a l y s i s 
(Magnesium Ele c t r o n L t d , Swinton, Manchester, UK). The samples, as 
received, were designated 1 t o 4 and were s t a t e d t o have mean p a r t i c l e 
s i z e diameters (d5o) o f 0.58, 0,93, 1.65 and 1.99 fjm r e s p e c t i v e l y . 
Subsamples (0.1 g) were shaken f o r 5 minutes, using the b o t t l e and bead 
method, i n 0,1% SHMP s o l u t i o n t o remove agglomerates and produce a 
primary p a r t i c l e d i s p e r s i o n . These dis p e r s i o n s were introduced i n t o 
the Plasmakon S-35 ICP and the zirconium-emissions obtained a t various 
plasma running c o n d i t i o n s were compared w i t h those from a s o l u t i o n o f 
the d i s s o l v e d powder sample o f equal c o n c e n t r a t i o n . P a r t i c l e s i z e 
d i s t r i b u t i o n s o f the di s p e r s i o n s were measured using the Coulter 
Counter T A I I and 30 pm s i z e o r i f i c e tube. 
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^.5.2. Results and Discussion. 
Sample 1, which'was s t a t e d t o be the f i n e s t o f the powders (d5Q = 0.58 ;jm) 
was used t o determine the plasma c o n d i t i o n s necessary t o b r i n g about 
the g r e a t e s t recovery. Table ^^ .30 shows the o v e r a l l change i n 
zirconium recovery (70 t o 78%) which was l i t t l e a f f e c t e d by the 
c o n d i t i o n s . The p a r t i c l e s i z e d i s t r i b u t i o n s o f the z i r c o n i a disper-
sions, 1 t o are shown i n Table and a l l are f a i r l y broad. While 
the supplied d^ Q mean s i z e values suggest t h a t the powders are f i n e , i n 
p r a c t i c e the spread of the d i s t r i b u t i o n s shows m a t e r i a l up t o 6 i^m i s 
present i n a l l samples. The d^ Q values are also l a r g e r than s t a t e d 
i . e . samples 1 t o ^ show d5Q d i s p e r s i o n values of 1.1, 1.36, 2.2 and 
1,9 m^ r e s p e c t i v e l y , although t h i s d i f f e r e n c e may be a f u n c t i o n of the 
d i s p e r s i o n system or the p a r t i c l e s i z i n g technique used. M a t e r i a l 
below 0.63 pm s i z e was however also present. Table A-.30 also shows the 
recoveries obtained from s l u r r i e d samples 2, 3 and ^, under i d e n t i c a l 
c o n d i t i o n s t o s l u r r i e d sample 1, based upon the response from the 
dissolved samples. I t i s o f note t h a t the t o t a l percentage of m a t e r i a l 
below 2 |jm s i z e f o r each sample c o r r e l a t e s w e l l w i t h the recovery f o r 
zirconium (Table ^ . 3 0 ) , As p a r t i c l e s up t o 5 \im s i z e are known t o 
reach the plasma through the double pass spray chamber and 3 mm 
i n j e c t o r ( t h e s o l i d s d i s t r i b u t i o n being p a r t l y dependent upon the 
d e n s i t y of the t r a n s p o r t e d m a t e r i a l , 5.6 - 5.9 g cm"^) t r a n s p o r t 
e f f e c t s may only account i n p a r t f o r the reduced recoveries. This i s 
put i n t o perspective when i t i s considered t h a t temperatures up t o 
5000 K may be necessary t o atomise z i r c o n i a . The m a t e r i a l which 
reached the plasma d i d , however, atomise t o give 70 t o 80% recovery. 
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TABLE 4.30 
The e f f e c t of plasma running c o n d i t i o n s upon the recovery of zirconium from 
•Sample 1' of z i r c o n i a powder by s l u r r y atomisation together w i t h the 
recoveries from Samples 2,3 and 4. 
Sample Forward C a r r i e r gas Viewing Emission Line^^^ Recovery^^^ To t a l % Volume 
No. power flow r a t e Height Wavelength 1% Below 2 m^ 
/kW / I min'^ /mm /nm 
1 1.5 1.3 28.5 11,343.823 76.1 77.7 
1 1.5 1.3 46.0 1,360.119 78.2 11J 
1 1.5 1.7 47.0 1,360.119 74.3 77.7 
1 1.5 2.3 40.0 11,343.823 70.2 77.7 
1 1.8 1.4 40.0 11,343.823 72.6 77.7 
1 1.5 1.35 34.6 11,343.823 75.9 77.7 
2 1.5 1.35 34.6 11,343.823 63.4 66.4 
3 1.5 1.35 34.6 11,343.823 58.1 47.2 
4 1.5 1.35 34.6 11,343.823 57.5 53.4 
(a) I Atom l i n e , I I Ion l i n e 
(b) Based upon the r a t i o of the s l u r r y sample emission s i g n a l over the 
emission s i g n a l from the dissolved sample of same concentration 
(background c o r r e c t e d ) . 
TABLE 4.31 
The p a r t i c l e s i z e d i s t r i b u t i o n s o f the z i r c o n i a 
powder samples 1,2,3 and 
Size band %Volume i n band 
/jjm (1) (2) (3) (4) 
0.63 - 0.79 24.3 19.4 13.9 12.1 
0.79 - 1.0 17.2 12.8 6.6 8.7 
1.0 - 1.26 15.7 13.6 8.7 10.9 
1.26 - 1.58 11.4 11.0 9.0 10.8 
1.58 - 2.0 9.1 9.6 9.0 10.9 
2.0 - 2.52 6.8 6.6 7.6 10.1 
2.52 - 3.17 6.1 8.4 10.1 13.9 
3.17 - 4.0 5.5 8.4 14.3 13.0 
4.0 - 5.04 2.5 8.1 13.6 7.2 
5.04 - 6.35 1.5 2.0 6.0 2.1 
6.35 - 8.0 0 0 1.2 0 
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4.5.3 The Determination of Boron and I r o n i n Polyboron n i t r i d e 
Polyboron n i t r i d e i s a h i g h l y r e f r a c t o r y ceramic m a t e r i a l which 
sublimes a t 3300 K. I t i s used i n s p e c i a l i s t engineering .designs f o r 
high temperature environments and more r e c e n t l y has been considered 
s u i t a b l e as an i n e r t former f o r the semi-conductor i n d u s t r y . Polyboron 
n i t r i d e i s extremely d i f f i c u l t t o b r i n g i n t o s o l u t i o n and monitoring of 
i t s p u r i t y i s t h e r e f o r e p r o b l e m a t i c a l . 
Two samples of polyboron n i t r i d e (PBN) were obtained f o r i r o n a n a l y s i s 
( R i n g s d o r f f Werke GmbH, Ri n g s d o r f f , W. Germany). These were ground by 
a two stage process described i n sections 2.3.1.1. t o 2.3.1.3. of 
Chapter 2. Contamination from the f i r s t stage dry g r i n d i n g process 
(Tema M i l l ) was kept t o a minimum by g r i n d i n g and dis c a r d i n g two 
subsamples of the PBN supplied. Both the g r i n d i n g chamber and elements 
were l e f t w i t h a f i n e c o a t i n g of PBN, from the second sub sample 
ground, t o a c t as a b a r r i e r . The t h i r d subsample ground was used f o r 
the second stage g r i n d i n g process but the m a t e r i a l adhering was again 
discarded. The m a t e r i a l from t h i s f i r s t g r i n d i n g stage was then wet 
ground by the b o t t l e and bead method t o prepare s l u r r i e s of 0.1, 1 and 
2% m/v concentration i n 0.1% m/v 5HMP s o l u t i o n . S l u r r i e s were i n t r o -
duced i n t o the Plasmakon S-35 ICP w i t h the running c o n d i t i o n s shown i n 
Table 4.32. Both boron and i r o n l e v e l s were determined i n the s l u r r y 
samples using simple aqueous standards f o r c a l i b r a t i o n . 
4.5.4 Results and Discussion 
The p a r t i c l e s i z e d i s t r i b u t i o n s of PBN from the f i r s t and second stage 
g r i n d i n g processes are shown i n Figure 2.4 of Chapter 2. M a t e r i a l up 
to 25 ^ m s i z e was present a f t e r the second stage wet g r i n d w i t h 76.5% 
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TABLE 4.32 
Plasma c o n d i t i o n s used on the Plasmakon S-35 ICP f o r the determination 
of boron and i r o n i n 0.1 t o 2% m/v s l u r r i e s of polyboron n i t r i d e . 
Torch 
Forward power/kW 
Gas flow r a t e s / 1 min'-*-
Coolant 
A u x i l i a r y 
I n j e c t o r 





I r o n line/nm 
G r e e n f i e l d type 
1.5 
16 
0.6 - 0.7 
1.7 - 2.3 
3 
Ebdon 
20 - 22 
Double Pass (Glass) 
208.959 I 
259.94 I I 
240 
(by volume) below 8 urn, 67% below 6.^f )jm, 55% below 5 pm and 26.5% 
below 3 fjm siz e s . C e r t a i n l y a smaller median p a r t i c l e s i z e i s 
p r e f e r r e d (below 2.5 jam) together w i t h a smaller maximum size (below 
5 |jm). The hardness of PBN (MOH <9) and the p o s s i b i l i t y of contamin-
a t i o n severely r e s t r i c t s the t i n e of m i l l i n g and type of g r i n d i n g media 
used. The defined s t o i c h i o m e t r y of PBN ( ( B N ) ^ ) , w i t h boron c o n s t i t u t -
ing ^3.56% by weight, meant t h a t t h i s element could be used as an 
i n t r i n s i c i n t e r n a l standard t o c o r r e c t f o r any t r a n s p o r t a t i o n and 
atomisation phenomena as has p r e v i o u s l y been shown by Ebdon and C o l l i e r 
(83) w i t h k a o l i n s l u r r i e s using s i l i c o n t o standardise. The recove r i e s 
f o r boron from the PBN s l u r r i e s were found t o be 67.0% and 52.3% based 
upon the t h e o r e t i c a l s t o i c h i o m e t r y . Two boron recovery values were 
obtained because the two samples gave s l i g h t l y d i f f e r e n t p a r t i c l e s i z e 
d i s t r i b u t i o n s ; the f i n e r s l u r r y g i v i n g the greater recovery. The i r o n 
content of the PBN samples was determined using the 1 and 2% m/v 
s l u r r i e s and the blank used i n t h i s a n a l y s i s was the 0.1% m/v PBN 
s l u r r y . As the l e v e l o f i r o n i n t h i s 1/1000 d i l u t e d s l u r r y was below 
the d e t e c t i o n l i m i t of the instrument t h i s served as a blank c o r r e c t i o n 
f o r both the dispersant and f o r any contamination t h a t may have been 
i n c u r r e d using t h i s technique. The i r o n content o f the 2% s l u r r i e d 
sample was determined as 9 ^g g""^  (+2) when corrected f o r the t r a n s -
p o r t a t i o n / a t o m i s a t i o n e f f e c t s . 
The reduced recove r i e s f o r boron from the PBN samples are not un-
expected considering the temperature r e q u i r e d f o r atomisation o f the 
ceramic (3300 K) and the p a r t i c l e s i z e range obtained from the g r i n d i n g 
techniques used. I f comparable atomisation w i t h the s o l u t i o n s was 
experienced by the s l u r r i e s then the maximum p a r t i c l e s i z e t r a n s p o r t e d 
would be 5 t o 6 pm based on the mass d i s t r i b u t i o n o f the s l u r r y and the 
recoveries. The r e l a t i v e l y low d e n s i t y of PBN, 2.25 g cm"-^ , should 
2 i f l 
however be an advantage i n t r a n s p o r t terms. I t i s of note t h a t w h i l e 
the 0.1 m/v SHMP s o l u t i o n was adequate as a dis p e r s a n t , some f l o c -
c u l a t i o n e f f e c t s were seen i n some s l u r r i e s and a more s t a b l e system 
would need t o be i n v e s t i g a t e d i f f i n e r PBN s l u r r i e s are to be prepared. 
if,5.5. The Determination o f Boron i n Ceramic S t a r t i n g M a t e r i a l s . 
A s e r i e s of base m a t e r i a l s ( b o r o s i l i c a t e g l a s s , v i t r e o u s enamels, 
a l u m i n o b o r o s i l i c a t e s ; B r i t i s h Ceramics Research A s s o c i a t i o n , Stoke, UK) 
used i n the p r e p a r a t i o n o f ceramic goods were analysed f o r boron as 
part of a f e a s i b i l i t y study t o assess the use of the s l u r r y a t o misation 
technique f o r these types of samples. 
S l u r r i e s o f 0.1% m/v con c e n t r a t i o n were prepared i n 0.1% m/v SHMP 
s o l u t i o n by the b o t t l e and bead method using a 3 hour g r i n d i n g p e r i o d . 
Under s i m i l a r plasma running c o n d i t i o n s t o those shown i n Table ^.32, 
except t h a t a c a r r i e r gas flow r a t e o f 1 . ^ 1 min"-^ and viewing heights 
between 13 and 16 mm were used, the boron emission from both s l u r r i e s 
and simple aqueous standards was monitored (boron atom l i n e Z^9.678r\m). 
^,5.6. Results and Discussion. 
The r e s u l t s of the boron determinations are shown i n Table ^ ^.33. 
Recovery values are seen t o be between 70 and 11^^%, While as st a t e d a 
c a r r i e r gas flow r a t e o f l.k 1 min'^ was employed f o r the f i r s t e i g h t 
samples, when t h i s was r a i s e d t o 2.3 1 min*-^ the recovery f o r the 
sample 7VE was increased from 8 1 % t o 9'f.5%. S l u r r y p a r t i c l e s i z e 
d i s t r i b u t i o n s are shown f o r four of the samples i n Table ^,3^, 
1^2 
TABLE if.33 
The determination o f boron i n ceramic s t a r t i n g m a t e r i a l s by 
s l u r r y a t o misation using the Piasmakon S-35 ICP. 
% Boron 
Sample^-^^ Known value^^^ S l u r r y value % Recovery 
1 VE . ^.66 3.62 + 0.09 77.7 
2 LFC ^.19 3.21 + 0.09 76.5 
3 TG 2.5^ 1.88 + O.O^ f 7if.O 
if CP 7.89 6.if7 + 0.10 82.0 
5 VE 5.68 5.07 + 0.11 89.2 
6 F 2.90 3.05 + 0.08 105 
7 VE ( i ) 7.83 6.37 + 0.10 81.3 
8 AS 1.52 1.75 + 0.04 l U 
7 V E ( i i ) < 2 ) 7.83 7.£«-0 + 0.16 94.5 
(1) VE = Vitreous enamel, LFC = Lead f r e e ceramic, TG = T-Glass, GP = 
Glass powder, F = f r i t , AS = A l u m i n o b o r o s i l i c a t e . 
(2) High gas flow r a t e used, 2.3 1 min"^ c a r r i e r and 15 mm viewing height 
(3) P r i v a t e communication from G. O l i v e r , BORA, Stoke, UK. 
243 
TABLE ^^,3^ 
P a r t i c l e s i z e d i s t r i b u t i o n s of some ceramic s t a r t i n g m a t e r i a l s 
ground f o r 3 hours by the b o t t l e and bead method. 
P a r t i c l e s i z e % Volume ( i n band) 
/|jm 
7VE<i) 2LFC(1) '8AS<i> £^Gp(l) 
up t o 2.5 42.1 'f8.6 58.3 50.0 
2.52 - 3.17 23.7 26.5 21.4 27.9 
3.17 - if.O 12.3 13.2 8.2 12.4 
t^.O - 5.0if 5.if 5.9 3.2 4.9 
5.0^ ^ - 6.35 3.0 2.1 1.2 1.6 
6.35 - 8.0 2.0 0.8 0.5 0.5 
8.0 - 10.08 2.5 0.6 0.4 0.6 
10.08 - 12.7 2.9 0.8 0.4 0.4 
12.7 - 16.0 3.0 1.1 0.9 0.2 
16.0 - 20.16 1.6 0.4 2.2 1.0 
20.16 - 25.^^ 0.6 1.2 0.7 
2 5 . - 32.0 0.9 2.3 
% below 5 |jm 83.5 94.2 91.1 95.2 
% below 8 ^ ^m 88.5 97.1 92.8 97.3 ' 
(1) As defined i n Table 4.33. 
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TABLE 4.35 
The e f f e c t of c a r r i e r gas flow r a t e and forward power upon the peak 
emission s i g n a l f o r boron, from the s l u r r y 2 LFC (42.6 |jg ml"^ boron 
and a standard 40 fjg ml boron s o l u t i o n . 
-1 40 gq ml~^ Boron S o l u t i o n 2LFC S l u r r y (42.6 uq ml~^ Boron) 
C a r r i e r gas Viewing helght^^^ Peak^^' Viewing height^^^ Peak^^) Recovery a t ^ ^ ) 
flow r a t j of emission peak emission of emission peak emission peak emission 










10.2 + 0.8 1535 _ _ 
10.2 + 0.2 1965 10.4 i 0.5 
10.4 + 0.4 1678 11.3 ± 0.7 
3 +   
12.8 + 2.1 793 11.9 ± 1.5 
1500 W 
10.8 + 0.2 2410 10.6 ± 0.5 
11.7 + 0.2 2970 11.3 - 0.8 
12.3 + 0.8 2147 12.3 ± 0.3 
12.3 + 0.85 1343 14.2 ± 1.1 
1800 W 
11.1 - 0.21 
11.9 ± 0.4 
13.4 i 0.4 
15.5 + 0.6 2778 14.5 i 0.8 
15.3 + 0.8 2420 14.3 ± 0.6 
14.9 + 1.3 1535 16.0 i 0.8 





r j 1.9 i i . / - U . - d 3:10.  2539 80.2 
2264 99.0 
2.6  i   1358 94.9 
2707 
1.9  0 . 2826 
2.1  ± 2625 
2.3  ±  ± 2515 85.0 
2.6  ±  2142 83.1 
2.9  ±   ± 1559 95.4 
3.0  ± 1 . 81  1176 86.2 
(1) The ± f i g u r e gives an i n d i c a t i o n of the spread of the emission p r o f i l e a t i t s peak. A l l f i g u r e s 
reported as height above the load c o l l . 
(2) Background corrected. 
TABLE 4.36 
The e f f e c t of c a r r i e r gas flow r a t e and forward power upon the viewing height emission p r o f i l e coincidence points 
from a boron^-*-^ c o n t a i n i n g s l u r r y and s o l u t i o n . 
^ C a r r i e r gas 1250 W 1500 W ^ 1800 W _P, 
flow r a t e 1 min~-^ 2.1 2 ^ 2^3 2 ^ 2.3 2.9 3.0 
P r o f i l e height 0 up t o complete 0 up to 13 to 15 mm 0 up to 0 up to From 21 mm 
Coincidence 9.5 mm coincidence 14.5 mm near coincidence 11 mm 20 mm upwards 
not above over e n t i r e not above over e n t i r e not above not above not below 
range range 
1 = see t e x t and Table 4.35 f o r s o l u t i o n and s l u r r y d e t a i l s . 
Using the 0.1% m/v s l u r r y 2LFC (boron concentration ^ 2.6 pg ml"-*-) and a 
ifO pg ml"^ standard boron s o l u t i o n , viewing height emission p r o f i l e s 
were recorded a t c a r r i e r gas flow rates l . ^ f t o 3.0 1 min"^ and forward 
powers" 1250 W t o 1800 W. From the p r o f i l e s the e f f e c t s of the 
a t o m i s a t i o n / t r a n s p o r t a t i o n mechanisms on both s l u r r i e s and s o l u t i o n s 
can be fo l l o w e d , and regions of coincidence may be ascertained and 
i n t e r p r e t e d a c c o r d i n g l y . Table 4.35 shows the e f f e c t s o f c a r r i e r gas 
flo w r a t e and power upon the peak emission s i g n a l f o r boron (background 
c o r r e c t e d ) , as both counts per second and height above the load c o i l , 
from the s l u r r y 2LFC and the standard s o l u t i o n . I t can be seen t h a t i n 
most cases the trends are the same f o r s o l u t i o n and s l u r r y . However 
the magnitude of the change d i f f e r s between them and i s r e f l e c t e d i n 
the changing percentage recovery. Therefore as the c a r r i e r gas flow 
r a t e i s increased (>2.3 1 min"^) the mass t r a n s p o r t and atomisation 
e f f i c i e n c i e s f o r both are a l t e r e d but t o d i f f e r e n t degrees. Both show 
a peak response w i t h f l ow r a t e but the r a t e of change of emission 
s i g n a l from the s o l u t i o n appears t o be greater than t h a t from the 
s l u r r y . Hence coincidence p o i n t s occur between the p r o f i l e s a t 
p a r t i c u l a r f l ow r a t e s which are dependent upon the forward power 
(see Table 4.36). At 1250 W and 2.3 1 mln"-*- complete coincidence 
occurs between the s l u r r y and s o l u t i o n p r o f i l e s over the e n t i r e viewing 
height range. At 1500 W t h i s coincidence, or near coincidence, occurs 
a t 2.6 1 min"^. 
4.6. TRANSPORT AND ATOMISATION EFFICIENCIES FROM EMISSION DATA. 
4.6.1. Experimental. 
A s e r i e s of experiments were undertaken t o determine r e l a t i v e t r a n s p o r t 
and atomisation e f f i c i e n c i e s d i r e c t l y from emission data. Known 
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amounts of magnesium (100 ^ g) were adsorbed a t pH 3,5 to 4.0 onto 
surface-bonded, s i l i c a - b a s e d c a t i o n exchange m a t e r i a l s (0.2 g) of 
known, narrow s i z e d i s t r i b u t i o n s ( p a r t i s i l , 10 SCX and 5 SCX, 10 and 
5 |jm s i z e r e s p e c t i v e l y , Whatman labsales L t d , Maidstone, Kent, UK) and 
were made up t o 100 ml i n a v o l u m e t r i c f l a s k . The s i l i c a s l u r r i e s were 
as p i r a t e d i n t o the Piasmakon S-35 ICP held a t 1500 W forward power, 
through an Ebdon n e b u l i s e r , glass double pass spray chamber and 3 mm 
i n j e c t o r . The emission s i g n a l s (Mg I I : 279.553 nm; Si I : 251.612 nm) 
were compared w i t h s o l u t i o n s c o n t a i n i n g an e q u i v a l e n t amount o f the 
analyte of i n t e r e s t . 
4.6.2. Results and Discussion. 
The p a r t i c l e s i z e of the s i l i c a exchange s l u r r i e s was determined both 
m i c r o s c o p i c a l l y and using a Coulter Counter TA I I . The l a t t e r showed 
the 10 SCX m a t e r i a l t o have a d i s t r i b u t i o n ranging from 4 pm up t o 
12 m^ s i z e w i t h a peak a t 6 t o 8 pm and the 5 SCX m a t e r i a l from 2 m^ up 
t o 8 pm s i z e w i t h a peak a t 4 s i z e . O p t i c a l l y the s l u r r i e s showed 
the m a j o r i t y of p a r t i c l e s t o be o f the size s t a t e d i . e . 5 and 10 |jm, 
along a major a x i s . The p a r t i c l e s were not s p h e r i c a l and aspect r a t i o s 
have t o be taken i n t o account. Analysis of the supernatent l i q u i d s 
( a f t e r c e n t r i f u g a t i o n of the s l u r r i e s ) f o r magnesium and s i l i c o n showed 
t h a t 98.4 +_ 0.2% of the magnesium had been adsorbed and t h a t between 
0.8 and 2.5%, as s i l i c o n , of the exchange m a t e r i a l was present i n the 
s o l u t i o n ( s o l , s o l u t i o n , c o l l o i d ) . These f a c t o r s were taken i n t o 
account i n the subsequent c a l c u l a t i o n s . Table 4.37 shows the recovery 
of the magnesium ( s l u r r y over s o l u t i o n ) a t c a r r i e r gas f l o w r a t e s 1.4 
t o 2.3 1 min'^ together w i t h the peak emission height used. As the 
magnesium i s bonded t o the an i o n i c end of an organic chain, which i s 
surface bonded t o the s i l i c a base m a t e r i a l , atomisation o f the analyte 
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might be expected before the p a r t i c l e m a t r i x . Thus i t may model, more 
acc u r a t e l y , atomisation from s o l u t i o n . The magnesium recovery may 
t h e r e f o r e be an^ i n d i c a t i v e measure of the t r a n s p o r t e f f i c i e n c y of the 
s l u r r y compared w i t h s o l u t i o n . I f these experiments do indeed model 
t r a n s p o r t e f f e c t s only 3% t r a n s p o r t e f f i c i e n c y was obtained f o r the 
10 pm s i z e p a r t i c l e s and 14% f o r the 5 pm. This i s c o n s i s t e n t w i t h the 
p r e v i o u s l y determined c u t - o f f of 5 t o 6 m^ f o r s o l i d p a r t i c l e s under 
the c o n d i t i o n s used. I t i s also of note t h a t the recovery f o r 
magnesium increased w i t h an increase i n the c a r r i e r gas flow r a t e and 
may be a t t r i b u t e d t o an increase i n t r a n s p o r t e f f i c i e n c y f o r the s i l i c a 
p a r t i c l e s . The recovery f o r the s i l i c o n was l e s s than t h a t f o r the 
magnesium. When corrected f o r the magnesium recovery (assumed 
t r a n s p o r t e f f i c i e n c y ) t h i s may give a measure of the atomisation 
e f f i c i e n c y of the s i l i c a p a r t i c l e s compared w i t h s o l u t i o n . These 
r e s u l t s are shown i n Table 4,38; the c o n d i t i o n s used were 1500 W 
forward power, 1.7 1 min""^ c a r r i e r gas f low r a t e and 20 mm viewing 
h e i g h t . I t i s seen t h a t n e i t h e r the 10 nor the 5 jum s i l i c a p a r t i c l e s 
model s o l u t i o n a t o m i s a t i o n . This would i n d i c a t e t h a t i f s l u r r y 
p a r t i c l e s of t h i s s i z e were able t o reach the plasma and i f they were 
of a r e f r a c t o r y nature (Si02 b o i l i n g p o i n t 2500 K) then f u l l recoveries 
are u n l i k e l y t o be obtained under the plasma c o n d i t i o n s used. Work by 
Saba e t a l . (68) has shown s i m i l a r t r a n s p o r t a t i o n and atomisation 
e f f e c t s f o r i r o n powder i n o i l when a s p i r a t e d i n t o the ICR. While 
absolute atomisation and t r a n s p o r t e f f i c i e n c i e s f o r these s l u r r i e s 
would best be determined by comparison w i t h monodisperse aerosols o f 
the same p a r t i c l e s i z e , these r e s u l t s serve t o o u t l i n e the p r a c t i c a l 
problems of s l u r r y t r a n s p o r t and atomisation when c a l i b r a t i n g w i t h 




The recovery f o r magnesium adsorbed onto s i l i c a - b a s e d c a t i o n exchange 
s l u r r i e s of 5 and 10 \im s i z e s , a t various c a r r i e r gas flow r a t e s 
compared w i t h s o l u t i o n o f equal magnesium concentration. 
C a r r i e r gas f l o w r a t e Emission height Recovery 
/ I min"^ /mm /% 
lOSCX 5SCX 
1.4 1.7 1.3 11.4 
1.7 1.7 2.8 13.5 
2.0 2.0 2.9 14.0 
2.3 1.9 3.2 14.3 
TABLE 4.38 
Ratio of the magnesium s i g n a l f o r the SCX p a r t i c l e s t o t h a t o f an 
aqueous s o l u t i o n of the same magnesium concentration 
(Recovery values) and also f o r s i l i c o n (Recovery) and 
s i l i c o n corrected f o r magnesium recovery. 
Sample Recovery Mg(%) Recovery S i ( % ) Atomisation S i ( % ) 
1 tig ml'-^ 
standard 
s o l u t i o n 100 100 100 
10 iim SCX 2.8 0.6 - 0.7^^^ 20 - 25^^^ 
5 iim SCX 13.5 8 - 9^^^ 60 - 70*^^ 
(1) Range of recovery found f o r s i l i c o n i n experiment 
(2) Range of atomisation found f o r s i l i c o n i n experiment 
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4.7. CONCLUSIONS 
While good elemental recoveries can be obtained from f i n e , l i g h t and 
r e a d i l y vaporised s o l i d m a t e r i a l s by the s l u r r y technique some hard, 
dense r e f r a c t o r y samples can be p r o b l e m a t i c a l . The p a r t i c l e s i z e of 
the m a t e r i a l i s the most c r i t i c a l parameter as t h i s w i l l i n f l u e n c e both 
the t r a n s p o r t and atomisation e f f i c i e n c i e s of the s l u r r y . When the 
s o l i d s d i s t r i b u t i o n o f a ground s l u r r y i s e s s e n t i a l l y below 5 ^ im size 
i t i s possible t o create plasma running c o n d i t i o n s under which f u l l 
a n a lyte recoveries can be obtained p a r t i c u l a r l y i f an atom emission 
l i n e i s used. Decreasing the c a r r i e r gas flow r a t e t o increase 
p a r t i c l e residence time i n the plasma i s seen t o be o f b e n e f i t . M a t r i x 
e f f e c t s , however, must be taken i n t o account i f high c a r r i e r gas f l o w 
r a t e s are employed w i t h low viewing heights above the load c o i l ; as a 
r e s u l t of the i n i t i a l r a d i a t i o n zone invading the viewing region. 
U l t r a f i n e s l u r r i e s (below 2 pm s o l i d s i z e ) of monodensitic m a t e r i a l s 
show comparable t r a n s p o r t and at c m i s a t i o n e f f i c i e n c i e s t o those of 
s o l u t i o n s and there i s evidence t o suggest t h a t these phenomena 
m e c h a n i s t i c a l l y model those of s o l u t i o n s . When the p a r t i c l e s i z e i s 
increased, however, the magnitude o f the ato m i s a t i o n and t r a n s p o r t a t i o n 
e f f e c t s f o r s o l u t i o n s and s l u r r i e s are d i f f e r e n t and recoveries are 
dependent upon the c a r r i e r gas f l o w r a t e and viewing height. 
Refractory p a r t i c l e s above 5 |jm s i z e are l i m i t e d i n t h e i r t r a n s p o r t 
e f f i c i e n c y through the double pass spray chamber (14% a t 5 pm and 3% 
at 10 fjm) and there are experimental i n d i c a t i o n s t h a t the r e l a t i v e 
a tomisation e f f i c i e n c y of s l u r r i e s , t o t h a t o f simple aqueous 
s o l u t i o n s , i s also reduced. Co r r e c t i o n f o r incomplete recoveries may 
be r e a l i s e d f o r monodensitic s o l i d s o f l a r g e p a r t i c l e s i z e (above 8 fjm) 
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i f an i n t r i n s i c i n t e r n a l standard i s present i n the m a t e r i a l which 
allows a c o r r e c t i o n f a c t o r t o be employed. 
P o l y d e n s i t i c m a t e r i a l s , such as ores, are more complex and can show 
segregation e f f e c t s due t o the i n d i v i d u a l mineral d i s t r i b u t i o n s (de-
pendent upon the resistance t o g r i n d i n g ) and d e n s i t i e s . Thermodynamic 
e f f e c t s may also c o n t r i b u t e t o reduced recoveries f o r some elements 
under c e r t a i n plasma running c o n d i t i o n s . 
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CHAPTER 5 
ROTATIONAL TEMPERATURE MEASUREMENTS IN THE INDUCTIVELY 
COUPLED PLASMA 
5.1 INTRODUCTION 
When an an a l y t e , i n aerosol form, enters the c e n t r a l channel o f the 
i n d u c t i v e l y coupled plasma (ICP) a number of processes occur. The 
sample desolvates, the matrix decomposes and the r e s u l t i n g a n a l y t e and 
solvent vapour undergoes e x c i t a t i o n t o produce molecular, atomic and 
i o n i c species i n v a r i o u s energy s t a t e s . Some o f t h i s energy i s 
released i n the form of electromagnetic r a d i a t i o n of a wavelength t h a t 
i s c h a r a c t e r i s t i c of the e m i t t i n g species and i t i s t h i s property o f 
the plasma t h a t i s u t i l i s e d f o r a n a l y t i c a l purposes. 
Although the ICP has been studied f o r over 25 years the fundamental 
mechanisms which govern i t s production and p r o p e r t i e s are not f u l l y 
understood. This a l s o a p p l i e s t o the energy t r a n s f e r process between 
the body of the plasma and the analyte channel. Many d i a g n o s t i c 
approaches have been taken t o c l a r i f y the s i t u a t i o n but w i t h v a r y i n g 
degrees o f success (131, 132). The measurement of both 'temperature', 
be i t r o t a t i o n , e x c i t a t i o n , i o n i s a t i o n or e l e c t r o n temperature, and 
e l e c t r o n d e n s i t y has proved o f b e n e f i t when i n v e s t i g a t i n g the e f f e c t of 
a plasma on an analyte or matrix (133, 134, 135, Chapter 11 of 62). 
A study by Ramsey and Thompson (119) of the e f f e c t of matrix elements 
upon analyte emission i n the ICP has r e s u l t e d i n a p r e d i c t i v e model 
which centres on the hypothesis t h a t the m atrix cools the plasma. While 
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these e f f e c t s can be accounted f o r i n an an a l y s i s by matrix matching o f 
the s o l u t i o n s and samples the i m p l i c a t i o n s are f u r t h e r reaching when 
simple s o l u t i o n , standards are used f o r c a l i b r a t i o n i n the s l u r r y 
atomisation technique. However o f equal i f not greater importance, 
when using t h i s technique, i s the 'atomisation temperature' experienced 
by an analyte. For high melting and b o i l i n g p o i n t s o l i d s i n s l u r r y 
form the 'atomisation temperature' must be s u f f i c i e n t t o br i n g about 
complete decomposition of the matrix (or a t l e a s t t o the same degree as 
the s o l u t i o n standards). Also the l a r g e r s o l i d p a r t i c l e size of the 
s l u r r y compared w i t h t h a t from the desolvated s o l u t i o n (Chapter 4, 
Section 4.4.2) may demand more energy f o r complete or comparable 
atomisation of the m a t r i x and hence p e r t u r b the energy t r a n s f e r 
processes w i t h i n the c e n t r a l channel. 
This chapter deals w i t h the measurement of r o t a t i o n a l temperature and 
temperature mapping w i t h i n the ICP together w i t h the recoveries f o r 
c e r t a i n high melting and b o i l i n g p o i n t s o l i d s i n order t o e l u c i d a t e the 
importance of the arguments s t a t e d when using the s l u r r y technique. 
5,2 TEMPERATURE AND THE INDUCTIVELY COUPLED PLASMA 
From Planks f u n c t i o n (Chapter 10 of 62) the temperature of a black body 
r a d i a t o r , w i t h i n a closed system, i s termed T^^^, Under the c o n d i t i o n s 
of 'thermal e q u i l i b r i u m ' (TE) the energy terms used t o describe the 
s t a t e of a system i . e . E t r a n s l a t i o n a l , E r o t a t i o n a l , E v i b r a t i o n a l , E 
e l e c t r o n i c , can be cha r a c t e r i s e d by the one temperature T^ .^ .^ A 
la b o r a t o r y IC plasma discharge however i s o p t i c a l l y t h i n ( r a d i a t i o n 
t r a p p i n g i s many orders o f magnitude less than t h a t o f a black body), 
s p a t i a l l y inhomogenous and hence shows wide temperature and concen-
t r a t i o n g r adiants as the plasma gas t r a v e l s away from the power source 
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(dynamic system). As a r e s u l t a marked d e v i a t i o n from Planks law i s 
encountered w i t h a n a l y t i c a l plasmas. However i f the exchange of energy 
from such species as the f a s t moving e l e c t r o n s i s s u f f i c i e n t l y r a p i d 
and t h e i r p opulation density (n^) i s l a r g e enough OlO^^m'^), plasmas 
i n which e q u i l i b r i u m i s maintained f o r a l l d i s t r i b u t i o n s ( w i t h the 
exception of the Plank f u n c t i o n ) a t any p o i n t are said t o be i n l o c a l 
thermal e q u i l i b r i u m (LTE). An i n d i c a t i o n of which i s given by measure-
ment o f the temperatures Tj^ (gas k i n e t i c ) , T^^^ ( e l e c t r o n i c e x c i t a t i o n 
o f n e u t r a l atoms), Tj^^^ (the degree o f i o n i s a t i o n of atomic species) 
and T^ ( f r e e e l e c t r o n ) using a s t a t i s t i c a l thermodynamic d i s t r i b u t i o n 
f u n c t i o n . 
The a n a l y t i c a l plasma i s not considered t o be i n LTE by many workers 
studying plasma mechanisms (Chapter 11 o f 62 and references t h e r e i n ) 
but the extent t o which a plasma deviates from LTE i s very much i n 
debate (136, 137). 
I t i s considered t h a t the plasma i s 'thermal' at very low viewing 
heights and 'non thermal' higher up where the c l a s s i c a l LTE concept of 
'norm temperature' loses i t s s i g n i f i c a n c e (138). I f t h i s i s so then 
the plasma environment through which the analyte f i r s t passes i s 
'thermal' and the 'atomisation temperature' experienced by the analyte 
w i l l be governed by a t h e r m a l / k i n e t i c c o l l i s i o n a l process. 
5.2.1 The Gas K i n e t i c / R o t a t i o n a l Temperature 
The r o t a t i o n a l temperature, t h a t deduced from the quantised r o t a t i o n a l 
spectra of molecular species i n the plasma, i s g e n e r a l l y accepted t o be 
numerically s i m i l a r t o the gas k i n e t i c temperature. This i s due to the 
low energies involved i n the r o t a t i o n a l process and the ra p i d exchanye 
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between the r o t a t i o n a l and k i n e t i c energy of the molecular species 
(62, 134). This also applies when the e x c i t a t i o n i s not thermal and 
can be understood t h e o r e t i c a l l y i f i t i s considered t h a t e x c i t a t i o n by 
e l e c t r o n impact changes only the e l e c t r o n c o n f i g u r a t i o n o f a molecule 
whereas the angular momentum of the r o t a t i o n i s p r a c t i c a l l y u naffected 
(139). 
A t r a n s i t i o n between r o t a t i o n a l l e v e l s gives r i s e t o a r o t a t i o n a l l i n e , 
I f the l e v e l belongs t o one ( i . e . the same) e l e c t r o n i c s t a t e the l i n e 
i s seen i n the i n f r a - r e d , i f the t r a n s i t i o n between r o t a t i o n a l l e v e l s 
also i n v o l v e s a t r a n s i t i o n between e l e c t r o n i c s t a t e s the l i n e i s seen 
i n the v i s i b l e or u l t r a v i o l e t range of the spectrum (139). I t i s 
t h i s t r a n s i t i o n which i s o f major importance when e s t i m a t i n g gas 
temperatures. 
I f the absolute i n t e n s i t y I^p of a (spontaneous) emission l i n e from 
s t a t e q to s t a t e p i s r e l a t e d t o the t r a n s i t i o n p r o b a b i l i t y A^p (s " ^ ) 
by the equation 
I q p = ^ \ p h ^ q p % (3-1) 
4 0 
where d = depth of source (cm), h i s Planks constant (Os'^), i s the 
frequency of the t r a n s i t i o n (s'-^) and N^ the number of e x c i t e d l e v e l 
species,and the Boltzmann d i s t r i b u t i o n law i s used t o c a l c u l a t e N^ a t 
temperature T from the t o t a l number of atoms as shown i n equation 5.2 
Nq = N gq exp (-E^/kT) (5.2) 
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where is the s t a t i s t i c a l weight of the q state, i s the energy 
state for level q (from a ground state = 0 ) , k is the Boltzmann 
constant (OK"^)' and Z i s the p a r t i t i o n function given by equation 5.3 
m=o 
(5.3) 
for energy levels 1,2,3...3 
then substituting (5.2) i n t o (5.1) 
qp = d h N exp (-Eq/kT) 
z 
(5.4) 
and taking logarithms, rearranging and substituting I^p and A^p with 
r e l a t i v e i n t e n s i t y I^p and r e l a t i v e t r a n s i t i o n probability A^p we 
obtain 
In ^qpAqp = In "N" - Eq + constant (5.5) 
.9q A; F 
I f equation 5.5 i s applied to a series of spectral lines emitted by a 
particular type (single group) of atom, ion or molecule, then a plot of 
In ( l A q p / A') against the corresponding excitation energy Eq w i l l 
result i n a straight l i n e of slope proportional to 1/T (provided self 
absorption i s n e g l i g i b l e ) . 
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5.3 EXPERIMENTAL AND RESULTS 
5.3.1 The Measurement of the Rotational Temperature of the OH Radical 
The presence of water, carried as the aerosol, i n the central channel 
of the plasma provides a naturally occurring molecular species which 
can be exploited for rot a t i o n a l temperature measurement, namely the OH 
radical. The comprehensive study of t h i s molecule by Dieke and 
Crosswhite (l^^O) provides l i n e assignments and t r a n s i t i o n p r o b a b i l i t i e s 
for the major t r a n s i t i o n —•-X TT which has f i v e main branches 
(0,P,Q,R and S). The most intense (0-0) vibr a t i o n a l band of OH was 
chosen (band head 306.'* nm) of which the Qj^  and R2 branches were 
recorded. The assignments (K), wavelengths (A,nm), energies (E,cm*-*-) 
and t r a n s i t i o n p r o b a b i l i t i e s (A,s""^) for these branches are shown i n 
Table 5.1 
The OH band spectra were recorded between 306 and 310 nm (an example 
with assignments i s shown i n Figure 5.1) using the ICR spectrometer 
(Plasmakon S-35, Kontron, Spektralanalytik, Echlng, W.Germany) 
described i n Chapter ^. The conditions used are given i n Table 5.2. 
Spectra were recorded at various c a r r i e r gas flow rates ( 1 . ^ to 
2.6 1 min"-^) at a constant viewing height above the load c o i l (1.9cm) 
and also at various viewing heights (1,0 to 3,7 cm) at a constant flow 
rate of 1.^ 1 min"^. Pure water aerosols were produced for measurement 
and the water fed to the Ebdon nebuliser at a flow rate of 0,9 ml min*^. 
The r e l a t i v e i n t e n s i t i e s of the assigned Q^^ (and R2) lines were 
measured and rot a t i o n a l temperatures were determined from the slope of 
the graph Logd'A/ A') against E which i s given by -0.625/T . Typical 
plots are shown i n Figures 5.2 and 5.3 (2.3 1 min"-*-, 1.9cm height; 
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1.4 1 min"^, 1,9 cm height respectively). The r o t a t i o n a l temperatures 
determined for gas flow rates 1.4 to 2.6 1 min"^ are shown i n Figure 
5.4 and Table 5,3 and those determined f o r viewing heights 1.0 to 
3.7 cm are shown i n Figure 5.5 and Table 5.4. 
Rotational spectra were also recorded when various solutions and 
s l u r r i e s were admitted to the plasma i n order to study the effe c t of 
various analyte forms and concentrations on the r o t a t i o n a l temperature. 
These experiments are outlined i n Table 5.5 together with the 
rotat i o n a l temperature determined from each experiment. 
5.4 DISCUSSION 
The r o t a t i o n a l temperature values show a dependence upon the plasma 
conditions (viewing height, c a r r i e r gas flow rate, water-loading) and 
cover the range 2200 to 3600 K, Direct comparisons are therefore 
d i f f i c u l t to make, however, these values are of the same order as those 
found f o r T^ .^ ^ for solutions and water vapour by other workers. F l e i t z 
and Seliskar (141) found a range of values between 3700 and 4500 K for 
^^Q^ using the OH radical from water vapour while Hasegawa and 
Winefordner (142) found a value of 2000 K from the OH rad i c a l , 3200 to 
4000 K from the N2 ro t a t i o n a l spectra, 3300 to 4500 K from the N2 
vib r a t i o n a l spectra (T^^,^ > ^ r o t ^ ^^^^ ^° ^^^^ ^ from the N2"^  
rota t i o n a l spectra, Seliskar et a l . (143) however found lower 
ro t a t i o n a l temperatures than Hasegawa from the N2 and N2"*' spectra, 
being i n the region 1600-1700 K and 1650-1850 K respectively. 
F l e i t z (141) shows that the branch plot from the (O-O)OH spectra i s 
not a simple Boltzmann d i s t r i b u t i o n and presents evidence to show i t to 
be the sum of two separate Boltzmann d i s t r i b u t i o n s . This deviation is 
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known and apparent (see Figure 5.2, and 5.3,the f i r s t two points Q^ , 
and Q^ ) and a l l branch plots were drawn with no weight from the f i r s t 
two points and , which i n a l l cases for and most cases for 
, show curvature away from the main l i n e . Extrapolation of t h i s 
main l i n e to where > would be i f i t followed a simple d i s t r i b u t i o n , 
on 10 of the plots, showed the deviation to be the result of a constant 
factor. As only a change i n A'(Q^ ), the r e l a t i v e t r a n s i t i o n prob-
a b i l i t y , can account for t h i s , a revised value was calculated, being 
22.1+1 X 10® s"^ . Originally the value was 17.0 x 10® s"^. Dieke and 
Crosswhite (I'fO) table the r o t a t i o n a l t r a n s i t i o n p r o b a b i l i t i e s for the 
Qj^  series using two d i f f e r e n t coupling constants (designated (a)) i . e . 
the degree of coupling between the electron spin and r o t a t i o n a l axis. 
While generally the coupling constant of a = -7.55 i s taken by most 
workers f o r the 12 branches of the ^^TT t r a n s i t i o n , a scrutiny 
of the decoupled system (a = 0, (1^0)), shows the t r a n s i t i o n 
p r o b ability t o be 22.'i- x 10® s'^. I t i s therefore suggested that the 
deviation from the Boltzmann d i s t r i b u t i o n , for the low K transitions of 
the series, i s due to a change i n the degree of coupling w i t h i n the 
rotronic system i. e . 0 to -7.55. The consistency of the deviation i n 
the plot would also suggest that the l i n e chosen to represent the slope 
of the temperature was acceptable. 
Figures 5.4 and 5.5 show how the r o t a t i o n a l temperature varies with the 
conditions of c a r r i e r gas flow rate and viewing height i n the plasma. 
The indication i s that the higher gas flow rates, 2 to 2.3 1 min"^ and 
viewing heights of about 3 cm would favour the atomisation process. 
The r i s e i n ro t a t i o n a l temperature with flow rate may be at t r i b u t e d to 
a thermalising ef f e c t due to an increase i n water loading (high up In 
the non-thermal region) however the effect may also be a result of th*^ 
increased ef f i c i e n c y of the energy transfer process from the plasma 
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body to the central channel (thermal conductivity). The role of water 
i n the central channel of the ICP has been investigated by a number of 
workers. Caughlin and Blades (144), Long et a l . (145) and Alder et a l . 
(146) have shown that the presence of water increases the electron 
density, T^ ^^ ^ and T^ ^^ . Tang and Trassy (135) also observed an 
increase i n T^ ^^  when water vapour was present (compared to a dry 
aerosol) and at t r i b u t e d the difference to the presence of atomic 
hydrogen. At 3000 K the thermal conductivity of hydrogen i s 88 times 
greater than that of argon (135). Certainly a small quantity of 
hydrogen does have a s i g n i f i c a n t e f f e c t on the electron density (144, 
147), excitation temperature (135) and ionisation temperature (147). 
The eff e c t on the rota t i o n a l temperature, seen i n experiments 12 to 15 
(Table 5.5), where humidified argon was admitted to the central 
channel, compared with water, may be explained i n much the same way. 
While l i t t l e or no difference i s seen at 10 mm above the load c o i l 
(2180 and 2210 K with and without water) at 15 mm the temperatures 
diverge s l i g h t l y (2950 and 2550 K with and without water). 
I t i s interesting to note that some species (Fel and Z r l l ) show peak 
emissions(371.993 and 343.823 nm) i n the region 3 to 4 cm above the 
load c o i l which coincide with the peak of the T^ ^^ . versus viewing 
height graph (Figure 5.5, Table 5.4). Improved recoveries have been 
found at these heights for certain s l u r r i e s where the results have 
indicated that an atomisation rather than transportation effect was 
responsible for the reduced recoveries (e.g. Determination of iron i n 
Dolomite; Chapter 4, section 4.3.3.) or that both effects were present 
(e.g. determination of zirconium i n zirconia; Chapter 4, section 4.5.1.) 
The value of 3500 K for T^ .^ ^ found from the separate R2 branch spectra 
(Experiment 1, Table 5.5, Figures 5.1 and 5.6) for a water sample 
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compared well with the values of 3400 to 3600 K found from the 
branch spectra under the same conditions. When a sample, other than 
water, i s introduced, be i t a simple surfactant solution, simple 
analyte solution or a s l u r r y , a s l i g h t reduction i n T^ .^ ^ i s apparent 
i.e. water 3400 to 3600 K; samples 2850 to 3150 K). The variation 
between samples, other than water appears to be even less under the 
same conditions. This may i n part be due to a difference i n the 
efficiency with which water i s transported to the plasma. 
Mo difference i s seen i n the r o t a t i o n a l temperatures from adding 0.1 
and 1.0% m/v aluminium i n solution to the plasma (experiments 4 and 5, 
2980, 2970) at a gas flow rate of 1.4 1 min"^. At 1.7 1 min'^ however a 
s l i g h t r i s e i n T^.^ .^ i s noticed (experiments 16 and 17, 2970, and 3250). 
When coarse and fin e alumina s l u r r i e s (0.2% m/v = concentration of 
aluminium i n solution) were admitted to the plasma l i t t l e difference i n 
^ro t observed and these values compare well with those from the 
aluminium solutions (Experiments 7,8,4 and 5; 3150, 2900, 2980, 2970 K 
respectively). I t i s of note that the presence of aluminium interferes 
with some of the l i n e spectra i n the branch hence the int e n s i t y of 
Q 
the Q| l i n e cannot be used. 
The presence of boron as a 500 jjg ml"^ solution, as a 1000 pg ml"-^ 
sl u r r y matrix of polyboron n i t r i d e or as a 10,000 fjg ml~^ slurry matrix 
of polyboron n i t r i d e also shows no s i g n i f i c a n t differences i n ro-
t a t i o n a l temperatures and also compares with the value from the 0.1% 
m/v sodium hexametaphosphate (SHMP) solution which was used as a dis-
persant for the s l u r r i e s (experiments 9,10,11,3; 3070,3130,3040,3120 K 
respectively). A graph of logd'A/ A') versus E for the boron s l u r r i e s 
i s shown i n Figure 5.7 and i l l u s t r a t e s how close the Qj^  values are. 
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TABLE 5.1 
Assignment, Wavelengths, Energies and Transition 
p r o b a b i l i t i e s for the and R2 Branches of the OH (0-0) Band 
K .A(nm) E(cm-^) Ado® 
R2BRANCH 
1 308.if05 32,5^ *2 2.7 
2 308.023 32,6^ *3 5.7 
3 307.703 32,778 8.9 
' 307.437 32,947 12.8 
1 306.918 33,650 24.8 
13 306.967 35,912 49.1 
lif 307.11if 36,393 53.2 
15 307.303 - 36,903 57.2 
BRANCH 
1 307.84^* 32,475 0.0 
2 307.995 32,543 17.0 
^ 308.328 32,779 33.7 
5 308.520 32,948 42.2 
6 308.73^* 33,150 50.6 
8 309.239 33,652 67.5 
9 309.53if 33,952 75.8 
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FIGURE 5.1 
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FIGURE 5.2 
Plot of branch l i n e emission i n t e n s i t i e s against energy l e v e l 
from the OH (0-0) band measured at 2.3 1 min"^ injector gas flow 
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FIGURE 5.3 
Plot of branch l i n e emission i n t e n s i t i e s against energy l e v e l 
from the OH (0-0) band measured at 1.4 1 min"^ injector gas flow 










-14.6 J 1 1 I L 
32500 33000 




Plasma running conditions used for the recording of OH spectra 
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lA to 2.6 
0.9 
3 
Ebdon (300 \Lm gas o r i f i c e ) 
0.005 
10 to 37 
306 to 310 
TABLE 5.3 
OH rot a t i o n a l temperatures (T^.^^) determined at a constant 
viewing height of 1.9 cm with c a r r i e r gas flow rates of l . i f to 
2.6 1 min' .-1 













Graph showing the change in rotational temperature, K, with injector 
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TABLE 5.4 
OH rota t i o n a l temperatures (T^ .^ .^) determined at a constant gas 
flow rate of 1.4 1 min"^ for viewing heights of 1.0 to 
3.7cm (above load c o i l ) 









Graph showing the change in rotational temperature, K, with viewing 
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TABLE 5.5 
Table of experiments performed to determine the e f f e c t of various 
solutions and s l u r r i e s on the r o t a t i o n a l temperature. 
Experi- Branch Gas flow Height Sample type/Analyte Temperature 
ment No. rate concentration ^'^roO 
1 min'^ cm pg ml"^ K 
1 R 1.4 3 Water - 3500 
2 Q 1.4 3 Water - 3640 
3 Q 1.4 3 Surfactant O.lWv (5) 3120 
solution SHMP 
4 Q 1.4 3 Aluminium 1000 Al 2980 
solution 
5 Q 1,4 3 Aluminium. 10,000 Al 2970 
solution 
6 Q 1.4 3 Aluminium 1000 Al 2850 
solution 
7 Q 1.4 3 Coarse 2000 AI2O3 3150 
alumina (1) 
slurry 
8 Q 1.4 3 Fine 2000 AI2O3 2900 
alumina (2) 
slurry 
9 Q 1.4 3 Boron 500 B 3070 
solution 
10 Q 1.4 3 Coarse PBN 1000 PBN 3130 
slu r r y (3) 
11 Q 1.4 3 Coarse PBN 10,000 PBN 3040 
slu r r y (4) 
12 Q 1.4 1.5 Humidified - 2550 
argon 
13 Q 1.4 1.5 Water - 2940 
14 Q 1.4 1.05 Humidified - 2210 
argon 
15 Q 1.4 1.05 Water - 2180 
16 Q 1.4 3 Aluminium 10,000 Al 2970 
solution 
17 Q 1.7 3 Aluminium 10,000 Al 3250 
solution 
(1) coarse alumina s l u r r y , 0.2% m/v i n 0.1% m/v SHMP = 1000 \ig ml"^ Al 
(2) u l t r a f i n e alumina s l u r r y , 0,2% m/v i n 0.1% m/v SHMP = 1000 ^ g ml"^ Al 
(3) coarse polyboron n i t r i d e , 0.1% m/v i n 0.1% m/v SHMP 
(4) coarse polyboron n i t r i d e , 1% m/v i n 0.1% m/v SHMP 
(5) 0.1% m/v sodium hexametaphosphate solution, dispersing agent. 
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FIGURE 5.6 
Plot of branch l i n e emission i n t e n s i t i e s against energy l e v e l 
from the OH (0-0) band measured at 1.4 1 min~^ injector gas flow 
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P l o t of branch l i n e emission i n t e n s i t i e s against energy l e v e l 
from the OH (0-0) band measured at 1.4 1 min"^ i n j e c t o r gas flow 
r a t e and 30mm viewing height while a s p i r a t i n g a SOOpg ml~^ boron 
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Few workers have studied the v a r i a t i o n of temperatures (T^Q(., T^^^, 
^ i o n ^ and e l e c t i o n d ensity (n^) i n a plasma w h i l e a s p i r a t i n g s l u r r i e s . 
Sparkes and Ebdon {k3) observed l i t t l e change i n 1^^^^ and T^ ^^ ^ when 
5% m/v s l u r r i e s and le s s were introduced i n t o the d i r e c t c u r r e n t 
plasma. A s l i g h t v a r i a t i o n i n e l e c t r o n d e n s i t y however was observed. 
At high matrix concentrations a 'the r m a l i s i n g e f f e c t ' was seen. 
R o t a t i o n a l temperatures were not reported. Parry (100) found no 
s i g n i f i c a n t change w i t h i n a temperature s e r i e s when up t o 25% of 
l i g h t , e a s i l y atomised coal s l u r r i e s were admitted t o the ICP. 
I t i s important t o note t h a t l a t e r a l i n f o r m a t i o n from the plasma could 
not be obtained from the instrument used i n the temperature deter-
minations. Hence i t was not possible t o perform an Abel i n v e r s i o n 
technique on the data i n order t o c o r r e c t f o r the c o n t r i b u t i o n from the 
plasma body t o the emission spectra recorded. 
5.5 THE TEMPERATURE RANGE AND ATOMISATION OF HIGH BOILING POINT SOLIDS 
The r o t a t i o n a l temperatures measured i n the experiments covered the 
range 2200 up t o 3600 K depending upon the plasma c o n d i t i o n s used. 
General running c o n d i t i o n s narrow t h i s range down t o 2800 K t o 3200 K 
at 1.^ t o 1.7 1 min'^ gas flow r a t e and 1.5 t o 2 cm viewing h e i g h t . As 
Tj.^^ i s accepted as comparable t o the gas k i n e t i c temperature (Tg) 
which i s i t s e l f considered t o be the atomisation temperature f o r matrix 
breakdown ( c o l l i s i o n a l exchange from argon atoms) then c e r t a i n high 
m e l t i n g and b o i l i n g p o i n t m a t e r i a l s , i f o f la r g e s o l i d s i z e e.g. 5 \Lm, 
may not experience a s u f f i c i e n t l y high temperature t o produce complete 
breakdown. As the r o t a t i o n a l temperature appears to decrease as i t 
approaches the load c o i l (2200 k a t 10 mm) the highest thermal 
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temperature a s o l i d p a r t i c l e may encounter could be as low as 3000 K. 
I t i s t h i s and the other important f a c t o r s such as p a r t i c l e s i z e , 
p a r t i c l e residence time, thermal c o n d u c t i v i t y of the matrix and optimum 
p o s i t i o n f o r e x c i t a t i o n which need t o be considered i f s l u r r i e s are t o 
model s o l u t i o n s . A paper by H i e f t j e e t a l . (I'fS) considers the 
arguments f o r s o l u t e p a r t i c l e v a p o r i s a t i o n i n flames and plasmas on a 
t h e o r e t i c a l basis. That s l u r r y s o l i d s can pass through the thermal 
environment w i t h o u t breakdown i s suggested i n the t r a n s p o r t a t i o n / 
atomisation r e s u l t s f o r magnesium adsorbed onto s i l i c a i on exchange 
m a t e r i a l s discussed i n Chapter ( s e c t i o n 4.6). Some 60 to 70% 
atomisation occurred f o r 5 s i l i c a p a r t i c l e s . Indeed there i s 
evidence t h a t c e r t a i n s o l u t i o n aerosol p a r t i c l e s , those t h a t can form 
r e f r a c t o r y species i n the plasma( e.g. Al-^t—»-Al203), can pass through 
the plasma IRZ w i t h incomplete v a p o r i s a t i o n (128). The presence of a 
r e f r a c t o r y m a t r i x can also delay the atomisation of a n o n - v o l a t i l e 
concomitant element (e.g. Eu i n aluminium s o l u t i o n (128). 
Table 5.6 shows a l i s t of r e f r a c t o r y m a t e r i a l s l i k e l y t o be encountered 
i n a plasma which have melting or b o i l i n g p o i n t s comparable t o T^^^ (99) 
An i n v e s t i g a t i o n of the recoveries f o r some high b o i l i n g p o i n t s o l i d s 
(>3200 K) i n s l u r r y form was t h e r e f o r e undertaken. 
5.6 EXPERIMENTAL AND RESULTS 
5.6.1 S l u r r y Atomisation of High B o i l i n g Point S o l i d s , 
Three compounds were chosen f o r t h i s study ( i ) chromium I I I oxide which 
melts a t 2538 K and b o i l s a t 4273 K, ( i i ) magnesium oxide which melts 
a t 3125 K and b o i l s a t 3873 K and ( i i i ) aluminium oxide which melts a t 
2345 K and b o i l s a t 3253 K. Aluminium s l u r r i e s have already been 
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examined i n Chapter ^, s e c t i o n ^f.^v and w i l l t h e r e f o r e only be included 
i n the discussion s e c t i o n (5.7.) of t h i s Chapter. 
Samples of AnalaR chromium I I I oxide and magnesium oxide were prepared 
as 0.1% m/v s l u r r i e s by the b o t t l e and bead method d e t a i l e d i n Chapter 
2 s e c t i o n 2.3,1.3. Dispersions were maintained i n 0.1% m/v sodium 
hexametaphosphate (SHMP) s o l u t i o n a f t e r a 3 hour g r i n d i n g period was 
employed. The p a r t i c l e s i z e o f the r e s u l t a n t s l u r r i e s was determined 
by o p t i c a l microscopy. The chromium oxide s l u r r y was found t o be 100% 
less than 2.5 tim and the magnesium oxide 100% l e s s than 1 jim. 
The s l u r r i e s were analysed using the Plasmakon S-35 ICP (Kontron, 
S p e k t r a l a n a l y t i k , Eching, W. Germany) under the c o n d i t i o n s shown i n 
Table 5.7. The recoveries were determined against standards c o n t a i n i n g 
the equivalent amounts of analyte under i n v e s t i g a t i o n i n 1 % ' n i t r i c acid 
and matched f o r dispersant. The r e s u l t s from these determinations are 
shown i n Table 5.8. 
5,7 DISCUSSION 
The values of 98% recovery f o r the magnesium and 100% recovery f o r the 
chromium (which change only very s l i g h t l y when the c o n d i t i o n s are 
varied) shows t h a t the s l u r r i e s are modelling the s o l u t i o n standards i n 
both t r a n s p o r t a t i o n and atomisation. This r e s u l t i s i d e n t i c a l t o the 
0.1% m / v . u l t r a f i n e alumina s l u r r i e s (100% < 2.5 s t u d i e d i n Chapter 
where the recovery obtained was 99%. The r e s u l t s do not imply t h a t 
f u l l a tomisation has occurred but t h a t the f i n e s l u r r i e s show the same 
degree of atomisation as the s o l u t i o n standards. Coarser s l u r r i e s can 
show t r a n s p o r t a t i o n losses as described i n the alumina study and hence 
the p o i n t where the degree of atomisation deviates from t h a t of a 
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standard s o l u t i o n may be a f i n e one. As 5 jim p a r t i c l e s of s i l i c a have 
been shown t o give 15% t r a n s p o r t e f f i c i e n c y but experience 60 t o 70% 
atomisation ( b o i l i n g p o i n t of Si02 = 2503 K) the atomisation d e v i a t i o n 
p o i n t may l i e w i t h i n t h i s t r a n s p o r t boundary. Again t h i s w i l l be 
dependent upon the m e l t i n g / b o i l i n g p o i n t and thermal c o n d u c t i v i t y of 
the m a t r i x . Hence i t i s suggested t h a t the thermochemical p r o p e r t i e s 
of the matrix w i t h i n the plasma environment be considered i n more 
d e t a i l (phase e q u i l i b r i a , e u t e c t i c s ) i n order t o c l a r i f y the atom-
i s a t i o n process, 
5.8 CONCLUSIONS 
Ro t a t i o n a l temperatures w i t h i n the c e n t r a l channel of the ICP show a 
range of values, 2200 t o 3600 K, which are dependent upon the c a r r i e r 
gas flow r a t e and viewing height. Under general running-conditions 
t h i s range decreases t o between 2800 and 3200 K. L i t t l e or no 
d i f f e r e n c e i s seen i n the r o t a t i o n a l temperatures from s o l u t i o n s and 
s l u r r i e s , up t o 1 % m/v s o l i d s l o a d i n g , introduced i n t o the plasma. The 
presence of water, from the aerosol, i n the c e n t r a l channel does appear 
t o r a i s e the r o t a t i o n a l temperature compared w i t h h u m i d i f i e d argon. 
Fine s l u r r i e s of pure s i n g l e compounds t h a t have me l t i n g p o i n t s 
comparable t o the r o t a t i o n a l temperature and b o i l i n g p o i n t s i n excesss 
of Tj.Q^ give near t o f u l l recoveries f o r the major element. This shows 
t h a t the t r a n s p o r t a t i o n and atomisation e f f i c i e n c i e s of the s l u r r i e s 
model those of s o l u t i o n s . 
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TABLE 5.6 
Some r e f r a c t o r y m a t e r i a l s l i k e l y t o be encountered f o r a n a l y s i s i n a 
plasma w i t h m e l t i n g or boiling/decomposition p o i n t s comparable t o T^ ^^ . 
Compound Melting p o i n t B o i l i n g p o i n t 
K K 
AI2O3 2345 3253 
BeO 2823 4173 
CaO 2887 3123 
Cr203 2538 4273 
CaF2 1696 2773 
MgO 3125 3873 
Si02 2000 2503 
SrO 2703 3273 
WC 3143 6273 
Zr02 3000 5000 
VO2 3151 
SiC 2973 
BN 3300 (sublimes) 
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TABLE 5.7 
Running c o n d i t i o n s used on the Plasmakon 5-35 ICP f o r the determination 
of Or and Mg recoveries i n Cr203 and MgO S l u r r i e s ( 0 . 1 % m/v) 
Torch type 
Forward power/kW 
Gas flow r a t e s / 1 min"^ 
Coolant 
A u x i l i a r y 
C a r r i e r 


















Recoveries f o r Cr and Mg from 0.1% m/v s l u r r i e s of Cr203 and MgO 
Element Viewing height C a r r i e r gas flow Recovery 
(mm) ( 1 min'^) % 
Cr 11.3 1.4 98.3 
15.0 1.7 102.3 
20.2 2.0 98.7 
Mg 12,6 1.4 96.6 
15.5 1.7 97.6 
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CHAPTER 6 
THE LAMINAR FLOW TORCH 
6.1 INTRODUCTION 
6.1.1 Plasma Torches 
The i n d u c t i v e l y coupled plasma t o r c h g e n e r a l l y c o n s i s t s of three 
c o n c e n t r i c a l l y mounted s i l i c a tubes (Figure 4.2), the f u n c t i o n s of 
which can be b a s i c a l l y d i v i d e d i n t o two separate s e c t i o n s : ( i ) plasma 
formation and containment and ( i i ) a n alyte i n j e c t i o n . 
( i ) The outer ( c o o l a n t ) and. intermediate ( a u x i l i a r y ) tubes channel 
the gas required f o r plasma form a t i o n . The former passes 
through the RF c o i l of the generator and extends a short 
distance above i t w h i l e the l a t t e r terminates a short distance 
below the c o i l . The r e l a t i v e dimensions and p o s i t i o n s of the 
tubes are necessary t o maintain the v e l o c i t y p r o f i l e of the gas 
th a t issues from the annulus and s t a b i l i s e the f l a m e - l i k e shape 
of the plasma formed above the a u x i l i a r y tube. 
( i i ) The i n j e c t i o n system comprises a small bore tube c o n c e n t r i c a l l y 
mounted w i t h i n the a u x i l i a r y tube. A supply of gas from the 
nebuliser/spray chamber assembly passes up the i n j e c t o r tube 
and e x i t s w i t h a v e l o c i t y necessary t o 'punch' a hole through 
the centre of the plasma. During a n a l y s i s the analyte i s 
transported by the gas from the nebul i s e r t o the i n j e c t o r which 
guides the aerosol t o the channel formed i n the plasma. 
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Plasma torches, whether of the large 'Greenfield' type or small 
'Fassel' type, are g e n e r a l l y based on the t a n g e n t i a l - t u r b u l e n t design, 
i . e . the gas enters t a n g e n t i a l l y t o the coolant and a u x i l i a r y tubes and 
at such a r a t e as t o be i n t u r b u l e n t flow w i t h i n the coolant annulus. 
Work by Belchamber and H o r l i c k (149) and Davies and Snook (150,151) has 
shown t h a t the r o t a t i o n of plasma matter, which i s a consequence of the 
t a n g e n t i a l f l o w , i s a major c o n t r i b u t o r of noise t o the power spectra 
from an ICP ( i n the frequency range 100 - 500 Hz). Vortex s t a b i l i s -
a t i o n i s not, however, necessary f o r the s t a b i l i s a t i o n o f a plasma 
discharge (152) and a few workers (150, 152, 153, 154) have described 
the design and successful use of a small (Fassel s i z e ) laminar flow 
to r c h (LFT). The re d u c t i o n i n noise and superior d e t e c t i o n l i m i t s are 
advantages a t t r i b u t e d t o the use of a laminar flow t o r c h but i t i s 
conjectured t h a t g r e a t l y reduced coolant gas flows can be used and 
l a r g e r i n j e c t o r bore diameters employed w i t h the LFT. Because of the 
possible advantage when running the la r g e Greenfield-type plasma t o r c h 
f o r the a n a l y s i s of' s l u r r i e s a p r e l i m i n a r y i n v e s t i g a t i o n i n t o the 
design, c o n s t r u c t i o n and use of l a r g e 'Greenfield s i z e ' laminar f l o w 
torches was undertaken. 
6.2 EXPERIMENTAL 
6.2.1 Laminar Flow Torches 
Two l a r g e 'Greenfield* s i z e laminar flow torches were designed and 
constructed f o r the study and these are shown i n Figures 6.1 and 6.2. 
One was of an a l l brass body c o n s t r u c t i o n (Figure 6.1) while the other 
was of a composite PTFE/glass f i b r e (Figure 6.2). Both torches were 
constructed w i t h extended coolant tubes t o reduce entrainment of 
atmospheric gases and increase plasma s t a b i l i t y (154). 
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FIGURE 6.1 
Diagram of brass body Gr e e n f i e l d - s i z e laminar flow t o r c h 
COOLANT GAS 
AUXILIARY GAS 
INJECTOR C3 mm] 
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FIGURE 6.2 
Diagram of PTFE/Glass f i b r e body G r e e n f i e l d - s i z e laminar flovf 
t o r c h . 
LAMINAR FLOW INSERT 
COOLANT GAS 
AUXILIARY GAS 
INJECTOR C3 mm] 
The conventional LFT r e t a i n s the three c o n c e n t r i c tube c o n f i g u r a t i o n of 
the t a n g e n t i a l flow t o r c h but the coolant and a u x i l i a r y gases enter 
normal to the base r a t h e r than t a n g e n t i a l l y . The coolant gas flows 
i n t o and around a g a l l e r y w i t h i n the base and traverses a x i a l l y up the 
to r c h base through a s e r i e s of small holes arranged c i r c u m f e r e n t i a l l y 
around the t o r c h base. The gas e n t e r i n g the coolant annulus i s i n 
streamline/laminar flow which i s dependent upon the flow r a t e and cross 
s e c t i o n a l area of the annulus. 
The c r i t e r i o n f o r the maintenance of laminar flow f o r a gas or l i q u i d 
i s t h a t the Reynolds number, R^ , i s less than 2300 (155). On a more 
p r a c t i c a l basis R^  values of less than 2000 are considered 'laminar' 
and those over 2500 are considered ' t u r b u l e n t ' . The Reynolds number i s 
a dimensionless q u a n t i t y and f o r an annulus, the R^  of a gas i s given 
by the r e l a t i o n s h i p (156). 
Rfi = V-2 (1 - K) r ^ (6.1) 
and f o r a tube (155) 
Re = VJ^ where a = Y\/p (6-2) 
where V = gas v e l o c i t y i n ms'^, a = kinematic v i s c o s i t y of gas 
(argon = 1.25 x 10"^ m^ . s""^), t \ = dynamic v i s c o s i t y of gas (kg m"^  s " ^ ) , 
p = density of gas (kg m*-^ ) K = r ^ / r ^ = radius of inner tube (m), 
= radius of outer tube (m) and 1 = diameter of tube (m). The a l l -
brass LFT body ( F i g u r e 6.1) was designed w i t h a g a l l e r y and a x i a l 
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s e r i e s of holes ( 1 mm diameter) f o r both the coolant and a u x i l i a r y 
gases. The LFT constructed f o r use w i t h the Kontron S-35 ICP (Figure 
6.2) was made of a loaded PTFE CfO* glass f i b r e , 60% PTFE). A laminar 
flow i n s e r t was used ins t e a d of a f i x e d g a l l e r y . 
The same tube dimensions were used f o r both laminar flow torches and a 
c o n f i g u r a t i o n f a c t o r (the r a t i o o f the a u x i l i a r y tube radius t o t h a t of 
the coolant tube radius which together produce the coolant annulus) o f 
0.9^ was achieved by use of a f l a r e d ' t u l i p design' a u x i l i a r y . Table 
6.1 l i s t s the values o f maximum all o w a b l e gas f l o w r a t e s f o r the a n n u l i 
of the LF torches based on a Reynolds number o f 2000. 
Table 6.2 l i s t s the values of maximum allowable gas flow rates f o r the 
a x i a l holes o f the LF torches based on a Reynolds number of 2000. 
As t y p i c a l gas flow r a t e s f o r running a plasma t o r c h i . e . coolant 
16 1 min"^, a u x i l i a r y 1 1 min"^, are w e l l below the maxima l i s t e d i n 
Tables 6.1 and 6.2 then laminar flow i s expected. 
The brass-base LFT was used i n the p r e l i m i n a r y i n v e s t i g a t i o n w i t h a 
Radyne R50P ICP (Radyne Co. Wokingham, Berks, Uk; 5 kW maximum, 27 MHz 
fre e running R.F. ge n e r a t o r ) . The ICP was o p t i c a l l y coupled t o a 1 
metre Czerny-Turner scanning monochromator (Bentham MIOOO, Bentham 
Instruments, Reading, Berks, UK) which was c o n t r o l l e d by a Bentham SMD 
lOS c o n t r o l l e r . Radiation was focussed on t o an end window photo-
m u l t i p l i e r (EMI, 9558QB) the output from which was a m p l i f i e d by a 




Gas f l o w rates f o r the laminar flow t o r c h a n n u l i based 
on a Reynolds number of 2000, 
Parameter Flared Part Non-Flared Part 
Coolant A u x i l i a r y Coolant A u x i l i a r y 
a n n u l i a n n u l i a n n u l i a n n u l i 
Rg 2000 2000 2000 2000 
r ^ (m) 1.3 X 10-2 ^ QJ ^ ^^^3 ^ ^Q-Z 7 5 ^ ^Q-3 
r ^ (m) 1.225 x lO'^ 3.75 x 10"^ 9 x 10"^ 3.75 x 10"^ 
K 0.942 0.349 0.692 0.5 
Area of 5.95 x lO^^ 3.19 x 10-^ 2.76 x lO"'^ 1.3 x 10"^ 
annulus (m^) 
Argon 




Gas flow rates f o r a x i a l holes o f laminar flow torches based 
on a Reynolds number of 2000 
Brass LFT PTFE LFT 
Parameter Coolant A u x i l i a r y Coolant 
holes holes holes 
Number of holes 94 48 27 
Diameter of holes (m) 1 X 10"^ 1 X 10"^ 2 x 10 
To t a l area o f holes (m^) 7.4 x 10*^ 3.77 x 10"^ 8.48 x 10"^ 
2000 2000 2000 
Argon f l o w r a t e ( 1 min"^) 111 56 64 
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6.2.2 The Brass-base LFT 
The experiments w i t h the a l l brass body LFT centred on e s t a b l i s h i n g the 
co n d i t i o n s f o r running a s t a b l e laminar flow plasma w i t h a 3 mm bore 
i n j e c t o r and comparing them w i t h those c o n d i t i o n s employed w i t h a 
conventional t a n g e n t i a l flow t o r c h of i d e n t i c a l tube dimensions except 
t h a t the coolant tube length was not extended. A u n i v a r i a t e search 
procedure was used t o estimate the boundary c o n d i t i o n s o f the LFT and a 
simplex program (71,12^) was used t o optimise the running c o n d i t i o n s 
based on the c r i t e r i o n of s i g n a l t o background r a t i o . Standard 
s o l u t i o n s c o n t a i n i n g 100 pg ml*^ of i r o n and 1 |jg ml"^ o f magnesium 
were prepared f o r the experiments and the Fe I I 259.939 nm, and Mg I I 
279.553 nm emission l i n e s were monitored. Samples were introduced t o 
the plasma v i a an Ebdon n e b u l i s e r / s i n g l e pass spray chamber arrangement 
a t a l i q u i d f l ow r a t e of 1.5 ml min"^ from a p e r i s t a l t i c pump. 
6.2.3 The PTFE/GF-base LFT 
A l l the experiments using the PTFE/glass fibre-base LFT were performed 
w i t h the Kontron S-35 ICP described i n Chapter i f . 
6.2.3.1 Simplex o p t i m i s a t i o n experiments 
The performance of the PTFE/glass fibre-base extended laminar flow 
t o r c h was evaluated using a simplex o p t i m i s a t i o n program (12^) and a 
0.1% m/v s l u r r y of the ground mineral ore SA1/C120 s t a b i l i s e d i n 0.1% 
m/v sodium hexametaphosphate s o l u t i o n . The c r i t e r i o n of s i g n a l t o 
background r a t i o of the i r o n emission l i n e (259.939 nm) from the s l u r r y 
(present a t a concentration o f 189 pg ml"-^ i n the s l u r r y ) was used t o 
monitor the performance. Experiments were f i r s t performed by varying 
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the f i v e parameters of coolant, a u x i l i a r y and c a r r i e r gas fl o w s , 
viewing height and forward power. The second s e r i e s of experiments 
centred on varying the forward power, viewing height and c a r r i e r gas 
flow w h i l e keeping the coolant and a u x i l i a r y gas flows constant a t 
21 1 min""*- and 2 1 min"^ respectivey. 
6.2.3.2 R o t a t i o n a l temperature measurements using the PTFE/GF-base LFT. 
Ro t a t i o n a l temperature measurements were made using the PTFE/GF-base 
laminar flow t o r c h i n order t o estimate the thermal environment through 
which a s o l u t i o n or s l u r r y would pass and then gauge i f any b e n e f i t i n 
atomisation e f f i c i e n c y would be gained from using the LFT compared w i t h 
the TFT employed i n the experiments described i n Chapters 4 and 5. 
The intense (0-0) v i b r a t i o n a l band of the OH r a d i c a l was chosen (band 
head 3 0 6 . n m ) o f which the Qj^  branch was recorded. The c r i t e r i a f o r 
use of t h i s system, the theory behind the measurement technique and the 
p r a c t i c a l handling of the data are covered i n d e t a i l i n Chapter 5. 
Line assignments, wavelengths, energies and t r a n s i t i o n p r o b a b i l i t i e s 
f o r the branch are shown i n Table 5.1 of Chapter 5. One e x t r a l i n e 
was included i n the measurements, t h a t of Q^^^  which occurs a t 309,859 nm, 
invo l v e s the energy l e v e l 3^,283 cm"-^  and has a t r a n s i t i o n p r o b a b i l i t y 
of 84.1 X 10^ s-^ (140). 
The OH band spectra were recorded between 307 and 310 nm using the 
co n d i t i o n s shown i n Table 6.3. Spectra were recorded a t various 
c a r r i e r gas f l o w r a t e s (1.4 t o 2,6 1 min"^) a t a constant viewing 
height of 19 mm above the load c o i l and also a t various viewing heights 
(5 t o 50 mm) a t a constant c a r r i e r f l ow r a t e of 1.4 1 min"^. Pure 
water aerosols were used f o r the measurement and the water was fed to 
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TABLE 6.3 
Conditions used f o r the measurement o f the OH (0-0) band spectra 
w i t h the PTFE/GF-base extended laminar flow t o r c h (LFT) 
on the Kontron S-35 ICP. 
Torch 
Forward power/kW 
Gas f l o w r a t e s / 1 min"^ 
Coolant 
A u x i l i a r y 
C a r r i e r 
Viewing height/mm 
I n j e c t o r size/mm 
Nebuliser type 
Spectral scan range/nm 
Scan rate/nm min"^ 




1,1 t o 2.3 
5 t o 50 
3 
Ebdon 
307 t o 310 
0.3 
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an Ebdon nebu l i s e r and double pass spray chamber sample i n t r o d u c t i o n 
system at a flow r a t e of 0.9 ml min*^. 
6.3 RESULTS AND DISCUSSION. 
6.3.1 Brass-base Laminar Flow Torch, 
A s t a b l e plasma was r e a d i l y a t t a i n e d using the c o n d i t i o n s l i s t e d i n 
Table 6A. 
Less p e r t u r b a t i o n of the LF- plasma was noted during the formation of an 
analyte channel by the i n j e c t o r gas compared w i t h the t a n g e n t i a l flow 
plasma. This e f f e c t i s a t t r i b u t e d t o the absence of a vortex above the 
i n j e c t o r which r e s u l t s i n a s l i g h t l y f l a t t e n e d base t o the LF plasma. 
The plasma was also noted t o be s t a b l e over a wide range of forward 
power s e t t i n g s and gas flows. The change i n emission o f the Fe I I 
259.939 nm l i n e obtained from a 100 \sq ml'-*- i r o n s o l u t i o n was monitored 
f o r the power range 0.8 t o 1.6 kW, coolant gas flows of 3.5 t o 8 1 min"-*-, 
a u x i l i a r y flows up t o 1 1 min"-^ and I n j e c t o r flows of 0.6 to 1.3 1 min"^. 
The best s i g n a l t o noise response was obtained w i t h the c o n d i t i o n s 
shown i n Table 6.5. The c o n d i t i o n s used t o obt a i n a s i m i l a r response 
from a 100 ^ g ml"-*- i r o n s o l u t i o n using a TFT are included f o r 
comparison. 
The change i n emission of the magnesium I I 279,553 nm l i n e obtained 
from 1 |jg ml"-*- magnesium s o l u t i o n s was also monitored w i t h v a r i a t i o n s 
of power and gas flow. The peak s i g n a l t o noise r a t i o was obtained 




Operating c o n d i t i o n s f o r s t a b l e laminar f l o w plasma formation 
w i t h an i n j e c t o r f l ow using t he brass laminar f l o w t o r c h . 
Gas fl o w s / 1 min"^ 
Forward power Coolant A u x i l i a r y I n j e c t o r 
1.5 kW 6 O.^ f 0.7 
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TABLE 6.5 
Operating c o n d i t i o n s f o r the best s i g n a l t o noise r a t i o obtained from 
100 ^g ml'-^ i r o n s o l u t i o n (Fe I I 259.939nm) using the brass-base 
laminar flow t o r c h together w i t h the c o n d i t i o n s necessary t o produce an 
equivalent s i g n a l t o noise r a t i o using the t u r b u l e n t flow t o r c h . 
Parameter LFT TFT 
Forward power/kW 1.5 1.5 
Gas flo w s / 1 min"^ 
Coolant 6 
A u x i l i a r y 0.5 9.5 
I n j e c t o r 0.76 0.76 
MaxHl Emission 
Viewing Height/mm 8 23 
29H 
The laminar flow t o r c h forms a s t a b l e plasma w i t h gas flows t h a t are 
considerably reduced compared w i t h the TFT. This e f f e c t was i n v e s t -
i gated f u r t h e r w i t h a view t o determining the low power and low flow 
operating c o n d i t i o n s necessary t o produce a s i m i l a r s i g n a l t o noise 
response from a 100 jjg ml"^ i r o n s o l u t i o n using the LFT c o n d i t i o n s i n 
Table 6.5. The r e s u l t s are shown i n Table 6.6. 
A simplex program (124) was used to optimise the LFT c o n d i t i o n s . Noise 
and d r i f t from the Radyne R50P ICP l i m i t e d the e f f i c i e n c y of the ex-
periments however the optimum response, based on the c r i t e r i o n o f 
s i g n a l t o background r a t i o was found w i t h the operating c o n d i t i o n s 
shown i n Table 6.7. 
Two mineral s l u r r i e s were analysed f o r t h e i r i r o n content using the LFT 
but apart from the r e s u l t t h a t the reduced percentage recoveries were 
s i m i l a r t o p r e v i o u s l y obtained r e s u l t s on the same s l u r r i e s no f u r t h e r 
deductions could be made. This was mainly due t o the i n c r e a s i n g 
i n s t a b i l i t y of the Radyne R50P used a t the time. 
A l l the experiments show t h a t a considerable saving i n gas r e s u l t s from 
the use of a LFT compared w i t h the TFT and w i t h l i t t l e or no loss i n 
s e n s i t i v i t y . The a b i l i t y t o run a s t a b l e LF plasma i n a 'Greenfield 
s i z e ' t o r c h a t under 4 1 min'-'- argon coolant, 0.9 kW forward power and 
s t i l l employ a 3 mm bore i n j e c t o r i s encouraging, e s p e c i a l l y when the 
a n a l y t i c a l u t i l i t y of the system i s r e t a i n e d . 
I t i s i n t e r e s t i n g t h a t under the same forward power c o n d i t i o n s and, i n 
some cases, s i m i l a r i n j e c t o r gas flow r a t e s , the viewing height of 
maximum emission f o r an a n a l y t e i s considerably lower i n the LFT than 
i n the TFT. A s i m i l a r e f f e c t i s seen i n the 'Fassel s i z e ' laminar flow 
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TABLE 6.6 
Low laminar f l o w , low power operating c o n d i t i o n s f o r comparable s i g n a l 
t o noise r a t i o from 100 ^g ml"^ Fe s o l u t i o n (Fe I I 259.939 nm) 
using the c o n d i t i o n s from Table 6.5, 
Gas flows / 1 min"^ Max- Emission 
Forward power (kW) Coolant A u x i l i a r y I n j e c t o r Viewing 
Height (mm) 
0.9 3.5 0 0.65 ^ 
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TABLE 6.7 
Operating c o n d i t i o n s f o r the brass-base LFT optimised on s i g n a l 
to background r a t i o using a simplex program. 
Gas flows/1 min'^ Max"* Emission 
Forward power/kW Coolant A u x i l i a r y I n j e c t o r Viewing 
Height/mm 
1.15 6 0.5 0.9 11 
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t o r c h compared w i t h a TFT of s i m i l a r dimensions (150) and i t i s noted 
t h a t e x c i t a t i o n and i o n i s a t i o n temperatures i n the small laminar flow 
t o r c h were found t o be higher than those found from the small TFT over 
the viewing height range 2 t o 17mm (150). 
I t has been suggested t h a t the w e l l defined base of the laminar flow 
plasma would f a c i l i t a t e the i n t r o d u c t i o n of c a r r i e r gas from an 
i n j e c t o r of l a r g e r than 3 mm bore. Experiments w i t h a 5 mm bore 
i n j e c t o r were unsuccessful i n punching the plasma t o form an analyte 
channel. 
I n s t a b i l i t i e s w i t h the Radyne R50P ICP system terminated the 
experimental work w i t h the a l l brass-base laminar flow t o r c h . 
6.3.2 The PTFE/Glass fibre-base Laminar Flow Torch. 
6.3.2.1 Simplex o p t i m i s a t i o n experiments. 
The c o n d i t i o n s obtained f o r maximum s i g n a l t o background r a t i o o f the 
Fe I I 259.939 nm emission l i n e from the s l u r r y SA1/C120 using a simplex 
o p t i m i s a t i o n program (where f i v e parameters were v a r i e d ) are shown i n 
Table 6.8. The high values of forward power (1.9 to 2.4 kW) together 
w i t h the low coolant gas flow r a t e s requested by the simplex program 
(down t o 13.6 1 min"-*-) had a d e t r i m e n t a l e f f e c t upon the extended LFT 
coolant tube w h i l e the SHMP s t a b i l i s e d s l u r r y was being monitored. A 
progressive d e v i t r i f i c a t i o n o f the tube and hence degredation o f the 
viewing zone, due t o the accompanying progressive o p a c i t y , was noted. 
I n order t o f a c i l i t a t e r e a l i s a t i o n of the simplex o p t i m i s a t i o n a th r e e 
parameter simplex was used where the coolant gas f l o w was held a t a 
high value of 21 1 min"-|- and the a u x i l i a r y gas flow a t 2 1 min"-^. The 
r e s u l t s of t h i s simplex are shown i n Table 6.9. Again, high values of 
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TABLE 6.8 
Conditions found f o r maximum s i g n a l t o background r a t i o from 
a simplex program (5 parameters) f o r the Fe I I 259.939 nm l i n e 
from a 0.1% m/v s l u r r y of SA1/C120 using the PTFE/GF-base 
laminar f l o w t o r c h on the Kontron S-35 ICP. 
Gas flows/1 min"-*-
Coolant A u x i l i a r y C a r r i e r Forward power Height Response 
/kW /mm (SBR) 
21.9 3.2 1.8 2.0 16 19.if 
13.6 2.6 1.5 1.9 13 25.2 
17.2 2.7 2.1 1.9 16 19.6 
16.2 2.2 1.8 2.4 16 20.6 
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TABLE 6.9 
Conditions found f o r maximum s i g n a l t o background r a t i o from 
a simplex program (3 parameters) f o r the Fe I I 259.939 nm l i n e 
from a 0.1% m/v s l u r r y of SA1/C120 using the PTFE/GF-base 
laminar flow t o r c h on the Kontron S-35 ICP. 
Gas Flows/1 min"-*-
Coolant A u x i l i a r y C a r r i e r Forward power Height Response 






















forward power were requested by the program (up t o 2,5 kW) w i t h medium 
to high c a r r i e r gas flow rates (1.4 t o 2.2 1 min"^) which may be the 
r e s u l t of using a high a u x i l i a r y gas flow (2 1 min"^) which has the 
e f f e c t of l i f t i n g the plasma. Viewing heights cover the range 14 t o 
32 mm. While a h i g h response f a c t o r a t 14 t o 15 mm using a c a r r i e r gas 
flow r a t e of 1.9 1 min"-^ may be a r e s u l t of m a t r i x e f f e c t s (where the 
t i p o f the i n j e c t o r b u l l e t encroaches on the viewing zone) t h i s i s most 
u n l i k e l y i n the case of the g r e a t e s t response (30.5). I n t h i s case a 
high power (2.5 kW) and c a r r i e r gas flow of 2.2 1 min"^ are present but 
the viewing height i s high a t 32 mm. 
6.3.2.2 R o t a t i o n a l temperature measurements i n the LFT. 
Temperature measurements from the Qj^ branch of the (0-0) OH band 
spectra were c a l c u l a t e d from the slope of a graph of l o g (I'A/A') 
against E f o r the s e r i e s Q| t o Q-^^ as described i n Chapter 5. A 
t y p i c a l p l o t i s shown i n Figure 6.3 f o r the s e r i e s obtained a t a 
viewing height o f 19 mm and 1,7 1 min"-*- c a r r i e r gas flow r a t e (other 
c o n d i t i o n s shown i n Table 6.3). The r e v i s e d f i g u r e o f 22.1 x 10® s"-*-
f o r the r e l a t i v e t r a n s i t i o n p r o b a b i l i t y o f the l i n e was a l s o used 
and as p r e v i o u s l y discussed i n Chapter 5, produced a value f o r 
log (I'A/A ') which shows near coincidence w i t h the l i n e . 
This coincidence was noted i n 80% o f the g r a p h i c a l p l o t s . 
The change i n r o t a t i o n a l temperature w i t h c a r r i e r gas flow r a t e 
(constant h e i g h t ) and viewing height (constant flow r a t e ) i s shown i n 
Table 6.10 (Figure 6.4) and Table 6.11 (Figure 6.5) r e s p e c t i v e l y . 
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FIGURE 6.3 
Plot of branch l i n e emission i n t e n s i t i e s aaainst energy l e v e l 
from the OH (0-0) band measured at 1.7 1 min'^ i n j e c t o r gas flow 
- 1 4 n, 
O ro 
14. 1 
1 4 . 2 
1 4 . 4 
33000 34000 
E (cm-') 
1 4 . 5 h 
- 1 4 . 6 
34500 
TABLE 6.10 
The change i n r o t a t i o n a l temperature (T^.^^) w i t h c a r r i e r gas f l o w r a t e 
a t a constant viewing height (19mm) using the PTFE/GF-base laminar flow 
t o r c h c a l c u l a t e d from the OH (0-0) band spectrum, Qj^ s e r i e s . 
C a r r i e r gas flow r a t e T 
1 min"^ 







FIGURE 6 .4 
Graph showing the change i n r o t a t i o n a l temperature, K, w i t h i n j e c -
t o r gas f l o w r a t e f o r a co n s t a n t v i e w i n g h e i g h t of 19 mm i n a 
















Gas Flow Rate /lmin-> 
J 1 . . . . 1 
2 2 . 5 
TABLE 6.11 
The change i n r o t a t i o n a l temperature (T ^ Q J.) w i t h viewing height 
a t a constant c a r r i e r gas f l o w r a t e ( 1 . ^ 1 min"^) using 
the P T F E / G F - b a s e laminar flow t o r c h c a l c u l a t e d from the 
OH (0-0) band Spectrum, Q^^ s e r i e s . 
Viewing Height T ^ ^ ^ 
mm 
5 Zli^O 







50 2630 (2620)^ 
1 No water aer o s o l , water vapour only. 
2 Example of d u p l i c a t e run. 
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FIGURE 6.5 
Graph showing the change i n r o t a t i o n a l temperature, K, w i t h view-
i n g height f o r a constant i n j e c t o r gas flow r a t e of 1.4 1 min"^ i n 













1.5 2 2.5 3 3.5 
Viewing Height /cm 
4.5 5.5 
As p r e v i o u s l y found w i t h the t u r b u l e n t flow 'Greenfield s i z e ' t o r c h 
described i n Chapter 5 the r o t a t i o n a l temperature w i t h i n the LFT plasma 
shows a progressive increase w i t h c a r r i e r gas flow r a t e , up t o a 
maximum oiso K a t 2 1 min"-*-) and w i t h viewing height up to a maximum 
(2780 K a t 30 t o 35 mm). Compared w i t h the r o t a t i o n a l temperatures 
obtained from the TFT however, the laminar flow temperatures are lower, 
under the same running c o n d i t i o n s , a t the maxima by up t o 20%. The 
maxima do occur a t very n e a r l y the same p o s i t i o n s o f viewing height and 
c a r r i e r gas flow c o n d i t i o n s f o r the two torches. I f these values are a 
t r u e r e f l e c t i o n of the ' K i n e t i c temperature' through which a sample 
would pass, i t may be conjectured t h a t l i t t l e b e n e f i t would be gained 
from using a LFT of the design shown f o r a s l u r r y where atomisation 
problems are encountered. 
R o t a t i o n a l temperatures, measured by Davies and Du ( 1 5 ^ ) , i n a 'Fassel 
s i z e ' laminar f l o w t o r c h from the R2 branch o f the OH (0-0) band 
spectra show values i n the range 3500 t o 3900 K over a wide range of 
viewing heights (2 t o 25 mm). These temperatures are comparable t o the 
maximum T^ .^ ^ values obtained from the TFT i n Chapter 5. The d i f f e r e n c e 
i n r o t a t i o n a l temperatures measured between the two LF torches may be a 
r e f l e c t i o n of the d i f f e r e n t plasma types i , e compact Fassel s i z e and 
l a r g e G r e e n f i e l d s i z e , and the c o n d i t i o n s used f o r plasma formation and 
l o a d i n g . 
I t i s of note t h a t when no water loading i s present, the r o t a t i o n a l 
temperature, measured from vapour i n the system, drops t o 1^00 K. This 
value i s very much lower than t h a t seen i n the TFT under the same 
co n d i t i o n s (2200 K). Whether the laminar flow t o r c h i s more dependent 
upon the water loading f o r the energy t r a n s f e r process i s unknown but 
such an inference i s i n d i c a t e d . 
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6.£f CONCLUSIONS 
Two large 'Greenfield s i z e ' laminar flow torches have been designed and 
constructed. The a l l brass-base LFT has shown advantages of g r e a t l y 
reduced gas consumption w h i l e r e t a i n i n g comparable plasma s t a b i l i t y t o 
t h a t of a TFT and increased s i g n a l t o noise values. While a plasma 
formed w i t h t h i s t o r c h shows less P e r t u r b a t i o n when an analyte channel 
i s punched (3 t o 3.5 mm bore i n j e c t o r ) experiments w i t h large ( i . e 
5 mm) bore i n j e c t o r s proved unsuccessful. 
The PTFE/GF-base laminar flow t o r c h which employed a laminar flow 
i n s e r t produced s t a b l e plasmas over a wide range o f operating 
c o n d i t i o n s . Simplex o p t i m i s a t i o n of t h i s t o r c h i n d i c a t e d t h a t a high 
forward power (2kW range) and medium t o high values o f both c a r r i e r gas 
flow (1.5 t o 2.2 1 min""^) and viewing height (15 t o 32 mm) are 
necessary f o r high s i g n a l t o background r a t i o s from emission s i g n a l s . 
R o t a t i o n a l temperature measurements from the PTFE/CJF laminar f l o w t o r c h 
show a dependence upon water l o a d i n g , c a r r i e r gas f l o w r a t e and viewing 
height. Maximum values of T^ .^ ^ are lower than those found from a 
comparable sized TFT under the same running c o n d i t i o n s . No b e n e f i t 
t o r e s o l v i n g atomisation problems which occur w i t h some r e f r a c t o r y 
s l u r r i e s i s t h e r e f o r e i n d i c a t e d from using a LFT under the c o n d i t i o n s 
used i n the experiments. 
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CHAPTER 7 
SLURRY ATOMISATION - PLASMA SOURCE MASS SPECTROMETRY 
7.1 INTRODUCTION 
The technique of plasma-source mass spectrometry (MS) was pioneered by 
Cray (157, 158) using a d i r e c t c u r r e n t c a p i l l a r y arc plasma t o demon-
s t r a t e i t s p o t e n t i a l as an a n a l y t i c a l t o o l . The inhe r e n t , i n t e r -
element and ma t r i x e f f e c t s encountered w i t h the r e l a t i v e l y cool dc arc 
plasma source forced a change t o the higher temperature and more s t a b l e 
i n d u c t i v e l y coupled plasma (ICP) as an ion-source. Two groups 
developed e a r l y ICP mass spectrometry (ICP-MS), t h a t under the 
d i r e c t i o n of Fassel a t the Ames l a b o r a t o r y , Iowa, USA (159) and t h a t 
under Gray a t the U n i v e r s i t y o f Surrey, UK (160); a microwave plasma 
source mass spectrometer was also described by Douglas and French (161) 
at around the same time. 
I t was not u n t i l the advent of the more s o p h i s t i c a t e d forms of 
quadrupole mass f i l t e r , o r i g i n a l l y developed f o r c o u p l i n g w i t h gas 
chromatographs, together w i t h the use of continuum i o n sampling t h a t 
the higher r e s o l u t i o n and mass range (162, 163) a t t r i b u t e d t o modern 
ICP-MS was r e a l i s e d . A schematic layout o f an ICP mass spectrometer 
and the plasma-sampling zone are shown i n Figures 7.1 and 7.2 respect-
i v e l y (16^^). The ICP mass spectrometer produces simpler spectra 
compared w i t h an o p t i c a l emission system ( j u s t over 200 usable mass 
l i n e s from most o f the p e r i o d i c t a b l e , compared w i t h the many thousands 
of complex o p t i c a l emission l i n e s ) and ge n e r a l l y lower d e t e c t i o n l i m i t s 
( i n many cases lower by a f a c t o r o f 10 but i s dependent upon the 
element under i n v e s t i g a t i o n and the m a t r i x ) . The advantage o f the 
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simpler spectra presented by the mass spectrometer i s no b e t t e r 
demonstrated than i n the determination o f rare e a r t h s . The complex 
o p t i c a l spectra of the lanthanides are d i f f i c u l t t o resolve and 
i n t e r p r e t . This problem does not a r i s e w i t h ICP-MS and the s e r i e s i s 
r e a d i l y q u a n t i f i e d (163, 165, 166) 
The ICP mass spectrometer can, l i k e i t s o p t i c a l emission counterpart 
accept a v a r i e t y of sample types, provided t h a t they can be 
introduced i n t o the i n j e c t o r f l o w . While the m a j o r i t y of samples are 
presented i n s o l u t i o n form, t h e r e are advantages t o i n t r o d u c i n g s o l i d 
samples i n s l u r r y - f o r m t o the ICP mass spectrometer. The removal of a 
time consuming, e r r o r prone and sometimes hazardous d i s s o l u t i o n stage 
i s b e n e f i c i a l e s p e c i a l l y w i t h rock and miner a l analyses which 
i n v a r i a b l y r e s u l t i n a high d i s s o l v e d s o l i d s matrix from a f u s i o n step. 
High d i s s o l v e d s o l i d s can cause nebu l i s e r and cone blockage i n ICP-MS. 
Also a number o f acids can cause polyatomic i o n i n t e r f e r e n c e s (167) 
e.g. ^^Ar^^Cl"^ on ^5AS;^2S02"*" on ^^Zn from HCl and H2S0^, and, together 
w i t h the possi b l e loss of v o l a t i l e elements during preparation of a 
s o l u t i o n , c l e a r l y i n d i c a t e s the advantages t o be gained from a s o l i d 
sampling technique, t o date few workers have used the s l u r r y 
atomisation technique w i t h ICP-MS (^0, ^ 1) but i t s use has proved 
successful. 
7.1.1 Semi-Quantitative Analysis using ICP-MS 
This s e c t i o n describes the use of s l u r r y atomisation w i t h an 
i n d u c t i v e l y coupled plasma mass spectrometer t o analyse 10 c e r t i f i e d 
reference m a t e r i a l s ( c o a l s , ash and s o i l s ) i n the s e m i - q u a n t i t a t i v e 
mode. This was performed i n order t o determine the a p p l i c a b i l i t y of 
using both the s l u r r y technique and a s i n g l e standard i n the e s t i m a t i o n 
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of nearly 70 elements i n a sample. The a b i l i t y t o use a r a p i d , semi-
q u a n t i t a t i v e technique t o analyse m a t e r i a l s , would be a d i s t i n c t 
advantage when only threshold i n f o r m a t i o n ( l e s s than l i m i t s ) i s 
r e q u i r e d or an estimate o f the composition p r i o r t o a f u l l q u a n t i t a t i v e 
a n a l y s i s . The e f f i c a c y o f the technique i s dependent upon the mass 
response curve. The mass response curve i s a measure of the response 
of the elements, w i t h respect t o t h e i r i n c r e a s i n g mass, i n the p e r i o d i c 
t a b l e , f o r a simple m a t r i x . This response curve can be updated by 
using s u i t a b l e standards and r e t a i n e d i n the instrument software. The 
curve i s then used t o estimate the c o n c e n t r a t i o n o f elements i n a 
sample which contains a s i n g l e i n t e r n a l standard f o r reference. 
7.2 EXPERIMENTAL 
The ICP-MS instrument used i n the experiments was the commercially 
a v a i l a b l e VG Plasmaquad (VG Elemental, Winsford, Cheshire, UK). The 
i n s t r u m e n t a l d e t a i l s have r e c e n t l y been reported (^1) and are given i n 
Table 7.1. The s l u r r y samples were p e r i s t a l t i c a l l y pumped a t 1 ml min"^ 
(Gilson Minipuls 2, Anachem, Luton, Beds, UK) t o an Ebdon nebu l i s e r (PS 
A n a l y t i c a l , Sevenoaks, Kent, UK) constructed from Kel-F, passed as an 
aerosol through a Scott-type double pass spray chamber ( o f s i m i l a r 
design t o t h a t shown i n Figure 3.6 but water cooled) t o a Fassel s i z e 
t o r c h w i t h a 1.8 mm i n j e c t o r . The plasma running c o n d i t i o n s used are 
shown i n Table 7.2. 
Ten c e r t i f i e d reference m a t e r i a l s (CRM) were analysed by the semi-
q u a n t i t a t i v e method. The samples were i ) a low rank bituminous c o a l 
(SARM 18, South A f r i c a n Bureau of Standards, P r i v a t e bag X191, 
P r e t o r i a 0001, South A f r i c a ) , i i ) a low rank sub-bituminous coal (SARM 
19), i i i ) a low rank sub-bituminous coal (SARM 20), i v ) a bituminous 
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FIGURE 7.1 
Schematic diagram of i n d u c t i v e l y coupled plasma mass spectrometer 
i n s t r u m e n t a t i o n . 
M a s s a n a l y s e r 
c o n u o i 
Mul t ip l ier 
E H T 
P l u s e 
a m p l m o r 
E l e c i r o d e 
b i a s s u p p l i e s 
Q u a d r u p o l e j 
R F h e a d 
| - H Ratennetor 
3 2 1 
Vacuunr^ s t a g e s 







M u l t i - c h a n n e l a n a l y s e r 
a n d d i s p l a y 
X-Y 
plotter 
O M P U T E R 
M O N I T O R P R I N T E R 
Gas 
control 
N e b u l i s e r 
FIGURE 7.2 
Diagram i l l u s t r a t i n g the plasma sampling i n t e r f a c e . 
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TABLE 7.1 
Instrumental d e t a i l s f o r the VG Elemental Plasmaquad 
ICP-MS Plasma system. 
RE generator 
Torch system 











M u l t i channel 
analyser 
27.12MHz,0-15O0\V RMS carrier-wave power (Henry Radio', 
C a l i f o r n i a , USA). 
Three t u r n water - cooled c o i l , i n d u c t i v e l y coupled 
w i t h a Fassel s i z e quartz t o r c h . 
Mass flow c o n t r o l l e r r e g u l a t i n g the c a r r i e r gas. 
P r e c i s i o n rotameters r e g u l a t e the coolant and 
a u x i l i a r y gas flow s . 
rom 
Ebdon h i g h - s o l i d s Kel-F nebuliser ( PS A n a l y t i c a l , 
Sevenoaks, Kent). Fed w i t h sample a t 1 cm^min"^ f 
a Gilson Minipuls 2, P e r i s t a l t i c pump. 
Scott-type double pass water-cooled spray chamber 
constructed from glass. 
Nicone (1.0 mm d i a . o r i f i c e ) 
Nicone (0.7 mm d i a . o r i f i c e ) 
Three stage system-
( i ) expansion stage pumped by r o t a r y EIM/18 pump. 
(Edwards high vacuum, Crawley, Sussex UK) 333 1 min" 
t o working pressure of 2 mbar; 
( i i ) i ntermediate stage pumped by Balzers 200 
d i f f u s i o n pump, 2000 1 min"-*- t o working pressure of 
10'^ mbar; 
( i i i ) analyser stage pumped by Balzers D i f f s e t 063 
d i f f u s i o n pump a t 180 I S * t o working pressure of 
2.5x10 • mbar. Both d i f f u s i o n pumps backed by an 
E2M/18 r o t a r y pump. 
P i r a n i PRM 10 and PRL 10 pressure detectors f o r the 
expansion and intermediate stages r e s p e c t i v e l y . 
Penning gauge detector used f o r analyser stage. A l l 
three detectors operated by Edwards 1108 c o n t r o l l e r . 
VG Masslab 12-12 quadrupole analyser, mass range 1 
300 u. F i t t e d w i t h Channeltron pulse counter 
e l e c t r o n m u l t i p l i e r . 
VG MCA 100 MHz, ^^096 channels, 2x10^ 
counts per channel. 
t o 
Data c o l l e c t i o n system 
System IBM PC/XT w i t h 8087 co-processor, w i t h 6'fOK RAM, lOM 
hard d i s k , 360K fl o p p y d i s k s . 




Instrument running c o n d i t i o n s f o r the VG Plasmaquad ICP-MS 
Forward power/kW l . i f 
Gas flow r a t e s / 1 min'^ 
Coolant 
A u x i l i a r y 
C a r r i e r 




Optimum s e t t i n g f o r mass 
c a l i b r a t i o n and counts. 











coal (NBS SRM 1632a, National Bureau of Standards, Washington DC, USA), 
v) a bituminous c o a l (NBS SRM 1632b), v i ) a co a l f l y ash (NBS SRM 
1633a), v i i ) a coal (BCR No. ^ 0, Coinmunity Bureau o f Reference, 
Brussels, Belgium), v i i l ) a l i g h t sandy s o i l (BCR No l ' f 2 ) , i x ) a 
weathered cla y s o i l (CANMET CRM SO-1, Canadian Centre f o r Mineral and 
Energy Technology, Ottawa, Ontario, Canada) and x) a sandy s o i l (CANMET 
CRM SO-2), The s l u r r i e s were prepared as aqueous suspensions of the 
f i n e l y ground samples. The g r i n d i n g method employed was the ' b o t t l e 
and bead' method described i n Chapter 2. I n summary 0.1 or I g of the 
samples were weighed i n t o a 30 ml Nalgene b o t t l e together w i t h lOg of 
2.5 mm z i r c o n i a spheres (beads, Glen Creston, Stanmore, Middx, UK). An 
aqueous s o l u t i o n of 0.1% m/v Aerosol OT (an an i o n i c s u r f a c t a n t , sodium 
s a l t of an octyl- s u l p h o s u c c i n a t e e s t e r , BDH, Poole, Dorset, UK) was 
added u n t i l the beads were j u s t covered, t h i s being t y p i c a l l y 3 t o ^tml, 
i n order t o s t a b i l i s e the suspension. The sealed b o t t l e was shaken 
using a l a b o r a t o r y shaker (Gallenkamp, Loughborough, UK) f o r an 11 hour 
period ( o v e r n i g h t f o r convenience) t o b r i n g the p a r t i c l e size down to 
below 8^ m, The s l u r r i e s were then washed i n t o a c a l i b r a t e d f l a s k 
though a Buchner funnel which seperated out the g r i n d i n g media. A 
s u i t a b l e q u a n t i t y of a rhodium i n t e r n a l standard was added t o the f l a s k 
( t o produce 100 ng ml"-^ f i n a l c o n c e n t r a t i o n ) and the s l u r r y was then 
made up t o the mark w i t h 0.1% m/v Aerosol OT. 
P a r t i c l e s i z e a n a l y s i s was then performed on the s l u r r i e s using both 
o p t i c a l microscopy and a Coulter Counter TA I I p a r t i c l e size analyser. 
I n order t o gauge the contamination from the g r i n d i n g media ( z i r c o n i a 
beads) blank s o l u t i o n s were prepared under the same c o n d i t i o n s and 
shaken w i t h the beads f o r the same period as the samples. The blank 
s o l u t i o n s were then seperated from the beads, the rhodium i n t e r n a l 
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standard was added ( t o produce 100 ng ml"^ f i n a l c oncentration) and 
the s o l u t i o n was then made up t o the mark i n a 100ml c a l i b r a t e d f l a s k 
w i t h 0.1% m/v Aerosol OT i n an i d e n t i c a l fashion t o the samples. 
The s l u r r i e s and blank s o l u t i o n s were analysed i n the u n d i l u t e d s t a t e 
(0.1 and 1 % m/v) and each contained 100 ng ml"^ of a rhodium i n t e r n a l 
standard (103 Rh) i n order t o estimate the concentrations of 68 
elements v i a the mass response curve. This curve was generated by a 
r e c a l i b r a t i o n technique which employed a multielement standard 
s o l u t i o n . The s o l u t i o n contained 6 elements, i n equal concentration 
(100 ng m l " ^ ) , whose masses covered the range L i t h i u m to Uranium. The 
response f o r each element was determined under the c o n d i t i o n s set down 
i n Table 7.2 and stored i n the operating software of the instrument. 
The r e l a t i v e s e n s i t i v i t y t o t h i s wide range o f elements was t h e r e f o r e 
taken p a r t l y i n t o account. 
7.3. RESULTS AND DISCUSSION. 
O p t i c a l microscopy showed t h a t i n most cases the primary p a r t i c l e s i z e 
was below 8 m^, however, some loose f l o c c u l a t e s were present. The 
p a r t i c l e s i z e analyses f o r s i x of the c e r t i f i e d reference m a t e r i a l s , 
(two s o i l s , t h r e e coals and one ash) performed on the Coulter Counter 
TA I I , are shown i n Table 7.3 and i l l u s t r a t e the g r i n d i n g e f f i c i e n c y o f 
the technique and s u i t a b i l i t y of the d i s p e r s a n t . Over 90% by volume i n 
each of the samples, i s below 8 m^ i n s i z e and f o r SARM 20 over 98% by 
volume i s less than 6 z^m. With the exception of the coal 1632(b) the 
d i s t r i b u t i o n s i n d i c a t e t h a t the m a j o r i t y o f the samples are below 
2.5 nm i n s i z e and t h a t only the shoulder of the l a r g e r f r a c t i o n of the 
d i s t r i b u t i o n i s seen. 
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TABLE 7.3 
% volume p a r t i c l e s i z e d i s t r i b u t i o n s f o r the CRM coals (SARM 18, 20; 
NBS 1632b), f l y ash (NBS 1633a), and s o i l s (SO-1 and SO-2) 
determined using the Coulter Counter T A I L 
SAMPLE 
P a r t i c l e s i z e % VOLUME IN BAND 
range (lim) SARM 18 SARM 20 NBS 1632b NBS 1633a CANMET SO-1 CANMET 
up t o 2.5 33.if 70.7 20.8 33.6 50.9 52.9 
2.5 - 3.17 2if.7 21.7 2if.3 16.9 18.9 12.0 
3.17- if.O 17. if.8 23.0 18.9 9.6 11.2 
t^.O - 5.0 10.5 1.0 12.3 14.9 5.if 10.2 
5.0 - 6.35 6.5 0.6 6.7 8.8 if.8 6.9 
6.35- 8.0 3.3 0.5 if.2 if.O 2.8 2.7 
8.0 - 10.1 2.7 0.3 3.9 1.9 3.6 1.6 
10.1 - 12.7 1.2 0.3 2.3 0.8 3.0 1.3 
12.7 - 16.0 0.3 0.1 1.9 0.3 1.2 0.9 
16.0 - 20.2 0 0 0.5 0 0 O.if 
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I n the s e m i - q u a n t i t a t i v e mode the a n a l y s i s time f o r the s l u r r i e s was 
approximately one minute f o r 68 elements. Based on the 100 ng ml'^ 
rhodium i n t e r n a l standard and corrected using the mass response 
curve, values of w i t h i n a f a c t o r of two t o three of the c e r t i f i e d and 
i n d i c a t e d values were obtained f o r most elements. I n many instances 
c l o s e r agreement w i t h the known value was found. These r e s u l t s are 
shown i n Tables 7 A and 7.5 ( c o r r e c t e d f o r the 0.1% m/v Aerosol OT 
s o l u t i o n ) . Marked d e v i a t i o n s from c e r t i f i e d values were seen f o r a few 
elements. The major causes of t h i s appear to be i ) when s a t u r a t i o n o f 
the d e t e c t o r occured f o r an element which i s present a t percentage 
l e v e l s i n the concentrated s l u r r i e s which r e s u l t s i n low values, i i ) 
coincidence between the ion of i n t e r e s t and a polyatomic i n t e r f e r i n g 
ion and i i i ) when some contamination may have been introduced d u r i n g 
the g r i n d i n g o p e r a t i o n . 
The l e v e l of contamination from the z i r c o n i a g r i n d i n g media was 
estimated by measurement of g r i n d i n g blanks which had undergone the 
same procedure as the s l u r r i e s . These r e s u l t s are shown i n Table 7.6 
( c o r r e c t e d f o r the Aerosol OT s o l u t i o n ) . With the exception of 
zirconium, hafnium, aluminium, t i t a n i u m and i r o n the other 63 elements 
are present a t l e v e l s o f less than 100 ng ml"^ and' i n many cases (over 
80% o f the elements) less than 10 ng ml"^. This i n d i c a t e s t h a t the 
method i s acceptable f o r s l u r r y p r e p a r a t i o n , e s p e c i a l l y f o r samples 
w i t h a measure of hardness of l e s s than 7 and when s h o r t e r g r i n d i n g 
periods are used. Deviation from the c e r t i f i e d values are seen f o r 
hafnium and zirconium which can be accounted f o r by contamination 
during the g r i n d i n g o p e r a t i o n . The low sodium values may be a r e s u l t 
of o v e r c o r r e c t i o n but i s more l i k e l y due t o s a t u r a t i o n e f f e c t s because 
of the presence of a sodium c o n t a i n i n g s u r f a c t a n t (Aerosol OT, 
1000 ^ig m l ' ^ ) . Under the c o n d i t i o n s used no evidence was found f o r the 
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polyatomic ions ArMa"^ or PO2"*' which can i n t e r f e r e w i t h ^^Cu. An exam-
i n a t i o n o f the ^^Cu isotope r e s u l t s showed the same values as •^'Cu. 
The aluminium r e s u l t s are a l l low which may i n p a r t be due t o 
s a t u r a t i o n of the analyser, a r e s u l t of high concentrations o f t h a t 
element being present (0.9 t o l i f % i n the samples). However i t has been 
noted t h a t determining aluminium by ICP-MS using the s l u r r y technique 
can give low r e s u l t s (40, i f l ) : the explanation being t h a t aluminium 
forms a r e f r a c t o r y oxide t h a t does not break down e a s i l y i n the plasma 
environment. The high value f o r cadmium i s d i s a p p o i n t i n g and may be 
due t o a combination of using the low abundance isotope -^ -^ C^d (12.86%) 
and p o s s i b l y polyatomic i o n i n t e r f e r e n c e e.q. ^^Zr OH"^ , when measuring 
trace l e v e l s of cadmium i n the 1% m/v s l u r r i e s (down t o 0.05 jig g""^ ) 
Both arsenic and selenium can s u f f e r polyatomic ion i n t e r f e r e n c e s when 
determined by ICP-MS. This i s most pronounced when those elements are 
i n low c o n c e n t r a t i o n s . The arsenic s i g n a l a t 75 atomic mass u n i t s 
(AMU) i s a f f e c t e d by the presence of ^^Ar ^^Cl"^ (167) and because there 
i s only one n a t u r a l l y occuring isotope of a r s e n i c , 75 As, the deter-
mination o f t h i s element i n samples which contain a high l e v e l o f 
concomitant c h l o r i d e ( n a t u r a l , b i o l o g i c a l systems) can pose a problem. 
The presence of c h l o r i d e may i n p a r t account f o r the high values 
obtained f o r arsenic i n the semi- q u a n t i t a t i v e determination ( g e n e r a l l y 
3.5 t o 5 times higher than c e r t i f i e d v a l u e ) . 
The s i x isotopes of selenium of masses 7if,76,77,78,80 and 82 AMU have 
r e l a t i v e abundances of 0.96, 9.12, 7.50, 23.61, if9.96 and 8.8if% 
flO 78 
r e s p e c t i v e l y . The most abundant isotopes, Se and Se, s u f f e r 
polyatomic ion i n t e r f e r e n c e s from ^^Ar2"*' (157, 159, 168) and ^^Ar ^^Ar"^ 
r e s p e c t i v e l y . The ions ^^Ar ^^Cl"*" and ^^Ar ^^Ar i n t e r f e r e w i t h the 
isotope responses of ^^Se and ^^Se l e a v i n g ®^Se as the highest abundant 
320 
TABLE 7.^ ^ 
Results f o r r a p i d semi-quantLtative (S-Q) a n a l y s i s of seven CRM coals 
using s l u r r y a tomisation. 
C oa l sampley[ iBg- ' 
S A R M IS S A R M 19 S A R M 20 NDS S R M 1632a N D S S K M 16321) N U S S R M 16333 IICR>10 
Ccn i f i ca ic Slurry Certificate Slurry Cenif icBie Slurry Cei i t f icaie Slurry' Certificate Slurry Ccrl i l icate Slurry Ccnl l icaiL- Slurry 
E l c m c n i value S - O a n a l y u s value S - 0 analysis value S - O analysis value S-Ouna iys is value S - 0 analysis value S - 0 analysis value S ' O analysis 
L i (11) 46 (37) 160 (90) 350 (36) 56 (10) 42 — 570 — 170 
tic 4.1 9.3 2.8 7,8 2,5 6,4 — 1.9 — 1.5 (12) 23 — 3,6 
B (30) 90 (90) 280 (90) 240 (53) 87 — 150 (39.2) 100 — 52 
Na (130) 61 2150 78 2003 83 (760) 140 S I S 38 I7IU 39 — 65 
Mg 0.066% 0.07% 0.121% 0.092% 0.259% 0.089% (600) 470 0.038% 0.05% 4550 380 — 0.0'>% 
A l 1.36% 0 ,01% 4.24% 0,014% 5.96% 0,018% 30700 220 0,855% 0.009*!!, (14%) 0.014% — 0.012% 
P 30 75 130 290 0.061% 0,15% (280) 244 — 150 (1 .5%) 0 . 3 % — (I.U19% 
Sc 4.3 63 7.6 130 10 160 6.3 34 (1.9) 33 (4U) 220 — y3 
T i 0.0683% 0.17% 0.2(M% 0,44% 0.378% 0.70% (0 .175%) 0 .16% 0.045% U.052% (O.K%) 0.84% — 0 .27% 
V 23 38 35 65 47 87 44 39 (14) 24 (300) 360 — 110 
Cr 16 34 50 110 (67) 130 34,4 32 (11) 26 196 290 31.3 62 
Mn 22 38 157 262 SO 140 28 40 12.4 73 (190) 340 139 300 
Fe 0.203% 0 .33% 1.227. 1.5% O.SI8?o 1.2% 1.11% 0 .96% 0.76% 1,0% 9.4% 0.50% — 1.5% 
C o 6.7 9.7 5.6 9.5 8.3 • 13 (6.8) 7.9 2.29 3,6 (46) 76 7.8 11 
Ni 10.8 15 16 23 25 37 19.4 21 6.1 11 127 190 25.4 33 
C u 5.9 • 8.6 13 IS 18 27 16,5 14 6.28 9,6 118 170 — 48 
Zn 5.5 29 12 26 17 33 28 41 11.89 22 220 420 30.2 60 
G a (8) 26 14 76 16 88 (8,49) 18 — 14 (58) 250 — 45 
C c (8J 12 13 22 — 5.1 3.4 — 5.2 75 — 4.8 
A t — 31 7 82 4.7 22 9.3 37 3.72 18 145 510 13.2 64 
Se — U.4I (1) 3.0 0.8 3.0 2.6 1.2 1.29 1.4 10.3 8.1 — 2.9 
Br (3) 6,5 (2) 7.7 (2) 8.2 (43) 57 (17) 25 — 4.4 — 10 
R b 8.1 16 9 17 10 17 (31) 36 5.05 8,5 131 24U — 69 
Sr 44 73 126 220 330 460 (88) 120 (102) 140 830 560 — 80 
Y (12) '29 (20) 66 29 84 • (5.8) 29 12 — 100 — 29 
Zr 67 400 351 ISO (180) 220 (53) 330 — 4S0 *— 120 — IKO 
Nb (6) 7.4 (10) 15 (16) 22 7.1 — 2.2 — 48 — 5.2 
Mo (1) 1.6 (2) 3.9 — 2.2 ( < 4 ) 2.2 (0.9) 1.4 (29) 59 — 5.5 
R u — N D ' — N D — N D — N D — N D — N D — N D 
R h — 10* — 10* — ' lO* — to* 10* — 10* — 10* 
Pd — 16 — 75 — 86 — 26 11 — 160 — 41 
A g . . — 0.52 — 2.2 — 3.5 (0.3) 0.62 — 0.5 — 5.7 — 1.5 ' 
C d — 2.0 — 8,4 — 10 0,17 3.1 0.057 1.5 1.0 22 0.11 4.8 
In — 0.1 — 0,13 — 0.2 (0.04) 0.08 — 0:(M — 0.34 — 0.09 
Sn (1) 1.9 (3) 4.6 (4) 6.2 2.1 — 0,66 — 12 — 2.6 
Sb (0.3) 0.63 (0.3) 1.1 (0.4) 1.0 (0.58) 1.5 (0.24) 0,4 (7) IS — 8.3 
1 — 1.4 — 0.73 — 1.0 (1.8) 1.7 1.7 0.36 — 7.3 
T e — 0.01 — 0.04 — <0.1 0,01 — 0.03 — 0,12 — 0,08 a (1) 1.3 1.4 1.6 (2) 2.7 (2.4) 2.4 (0.44) 0,47 (11) 14 — 6,8 
B a 78 99 304 334 372 410 (130) 130 67.5 77 (1500) 440 — 260 
U 10 14 27 43 43 72 (16) 22 (5.1) 5.5 — 67 — 17 
C e 22 29 56 80 87 130 (30) 42 (9) 11 (180) 180 — 33 
Pr — 2.9 — 8.1 — 12 — 4.8 1.6 — 18 — 3.7 
Nd — 12 — 29 — 42 (12.0) 17 4.7 (66) 59 — 14 
Sm 2.0 2.3 4.9 6.3 6.3 9.0 (2.3) 3.8 (0.87) 1.1 (16) 13 — 3.2 
TABLE 7.4 continued 
S A R M IB S A R M 1 9 S A R M 20 N B S S R M 1632a N D S S R M l 6 J 2 b N D S S R M ]t02a B C R 4 0 
ru 
C c n i n e s te Slurry Certificate Slurry Certificate Slurry Certificate Slurry Cenif icate Slurry Certificate Slurry Certificate Slurry 
E l c m c n i value S - 0 analysis value $ • 0 analysis value S - 0 analysis value S - 0 analysis value S - 0 analysis value S - 0 analysis value S - 0 analysis 
E u (0.3) 0.43 (0.7) 1.2 (1) 1.6 (0.54) 0.94 (0.17) 0,26 (•<) 3.8 _ 0,78 
C d 2.7 7.0 9,0 (1.95) 4.6 — 1.14 (15.3) 14 — 3.3 
T b (0.3) 0.34 (0.7) 0.84 (0,9) 1.1 (0.34) 0.58 — 0.15 — 1.6 — 0.41 
Dy 3.3 7.5 — 9.8 (2.2) 5.5 — • 1.3 — 13 — 3.3 
Ho 0.71 — 1.7 — 2.2 — 1.2 — 0.35 — 3.2 — 0,88 
El 2.4 — 6.3 — 7.9 — 4,6 — 1.1 — 10 — 3.3 
T m 0.40 — 1.1 — 1.4 — 0,86 — 0,18 — 2.0 — 0.59 
Y b 3.1 (2) 8.8 (2) I I (1.1) 6,9 — 1.4 — 18 4.4 
L u o.so 1.5 1.8 (0.2) 1,2 — 0.22 — 2.4 — 0.7S 
Hf 1.7 66 5.4 300 4.8 360 (1.6) 260 (0,43) 34 (7.6) . 570 ISO 
T a (0.3) 0.31 (0.8) 1.0 1.2 1.5 (0,4) 0.63 — 0,12 — 1.9 — 0.3 
w (2) 1.7 (2) 2.6 (3 ) 3.6 (0.8) 1.4 (0,48) 0.32 — 8.0 — I.I 
Re <0.0 I <0,01 — N D — N D — <0.02 — <0.0 l — O.UI 
O s 0,016 N D — N D — O.Ol — 0.03 — 0,02 — N D 
Ir 0.1 0.47 — 0,57 — 0.2 — 0,06 — 1.0 — 0.3 
PI 0.39 1.6 — 1.9 — 0.78 — 0.41 — 3,3 — O.W 
A u 0.085 0.37 — 0,47 (<0 ,05 ) 0.24 — 0,05 — 0.8 — 0.21 
Hg (O.W) 0.034 (0.2) 0.26 0,25 0.47 0.13 0,16 — 0,06 0.16 0.3 0,35 0.43 
T l 0.11 0.64 — 0.36 — 0.77 — 0.16 5.7 7,2 — 0.7 
Pb (5) 6.6 20 28 26 33 12.4 24 3.67 4.5 72.4 100 24.2 41 
Di 0.23 — 0.84 — 0,99 — 0.44 — 0,08 — 1.2 — 0.36 
T h 3.4 7.0 12 25 18 34 4.5 17 1.34 2.9 24.7 28 — 8.0 
U 1.5 2.9 5 9.3 4 10 1.28 5.2 0.436 0.93 10,2 28 — 4.3 
N D ° not detected. 
TABLE 7.5 
Results f o r r a p i d s e m i - q u a n t i t a t i v e (S-Q) a n a l y s i s of three CRM s o i l s 
using s l u r r y atomisation ( t h e values i n parentheses are u n c e r t i f i e d 
thus are i n d i c a t i v e values o n l y ) Major elements expressed as percentages 
S o i l sample/|jg g-1 
CANMET SO-1 CANMET SO-2 BCR l'f2 
Element Cert. S l u r r y Cert. S l u r r y Cert. S l u r r y 
value S-Q anal. value S-Q anal. value S-Q anal 
L i 190 50 100 
Be 5.8 5 1.7 
B 38 ND 120 
Na 1.97% 0.066% 1.9% 0.06% 0.82% 
Mg 2.31% 0.80% 0.54% 0.62% (0,66%) 0.67% 
Al 9.38% 0.16% 8.07% 0.20% 0.24% 
P 0.062% 0.13% 0.3 0.66% (0.096%) 0.17% 
Sc 360 365 390 
T i 0.53% 0.71% 0.86% 0.73% (0.37%) 0.46% 
V 139 260 64 98 95 
Cr 160 320 16 15 120 
Mn 0.089% 0.16% 0.72% 1.26% 0.10% 
Fe 6.00% 9.29% 5.56% 8.4% (1.96%) 3.4% 
Co 32 kl 9 12 16 
Ni 9if 127 8 13 29.2 45 
Cu 61 l l i f 7 51 27.5 38 
Zn l i f 6 ^^ 30 124 400 92.4 137 
Ga 139 148 63 
Ge 18 15 7.1 
As 9.0 100 44 
Se ND* 1.7 ND 
Br 1.4 30 . 14 
Rb 139 250 78 135 170 
Sr 328 580 340 530 280 
Y 56 130 140 
Zr 0.87% 0.48% 0.32% 
Nb 18 41 25 
Ho 1.2 19 0.8 
Ru ND ND ND 
Rh d n t .Std) - - _ 
Pd 69 220 270 
Ag 4.5 6.1 7.6 
Cd 15 32 0.25 33 
I n 0.23 1.7 0.13 
Sn 68 130 16 
Sb 1.1 0.60 3.5 
I 6.9 17 4.7" 
* N.D. = not detected. 
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TABLE 7.5 continued 
S o i l sample/;jg g-1 
CANMET 50-1 CANMET SO-2 BCR 142 
Element Cert. S l u r r y Cert. S l u r r y Cert. S l u r r y 
value S-Q anal. value S-Q anal. value S-Q anal 
Te ND* ND 0.08 
Cs 6.8 0.47 7.2 
Ba 0.879%' 1.2if% 0.966% 1.3% 650 
La 82 (^ 6^) 63 49 
Ce 168 (111) 174 91 
Pr 17 (13.^f) 18 12 
Nd 67 (57) 71 36 
Sm 11 (12.2) 15 9.1 
Eu 2.8 (3.43) 5.1 2.1 
Gd 12 (10.3) 16 10 
Tb 1.0 (1.3) 1.9 1.6 
Dy 7.1 (8.6) 16 17 
Ho 1.8 (1.7) 3.8 4.1 
Er 6.2 (4.1) . 15 15 
Tm 1.0 (0.5) 2.6 3.2 
Yb 9.2 (3,4) 24 27 
Lu 1.3 (0.47) 3.4 4.4 
Hf 300 950 0.12% 
Ta l . i f 2.3 1.8 
W 1.3 4.2 3,1 
Re ND ND ND 
Os <0.1 ND 0.09 
I r 0.6 1.6 1.9 
Pe 1.5 5.6 6.9 
Au 0.^ 1.3 1.7 
Hg 0.022 ND 0.082 ND 0.104 ND 
Tl 0.7if 0.58 0.76 
Pb 36 21 41 37.8 47 
Bi 0.41 0.14 0.22 
Th 23 20 32 
U 7.7 12 22 
*ND = not detected 
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TABLE 7.6 
Semi-quantitative a n a l y s i s of blank elements i n 100 ml of s o l u t i o n 
a f t e r z i r c o n i a g r i n d i n g . 
Element Concentration Element Concentr. 
/ng ml-^ /ng m 
L i 1.4 Sn 0.24 
Be 0.22 Sb .. 0.12 
B . • ND* I ND 
Na 50 Te ,. ND 
Mg .. 25 Cs .. ND 
A l .. 400 Ba .. ND 
P ND La ., 0.95 
Sc • • .. 22 Ce .. 2.3 
T i 150 Pr .. 0.22 
V 0.17 Nd .. 0.66 
Cr .. 15 Sm 0.31 
Mn . . 3.1 Eu .. 0.15 
Fe 100 Gd .. 0.92 
Co 0.24 Tb 0.17 
Ni .. 9.4 Dy .. 1.9 
Cu .. 2.5 Ho .. 0.57 
Zn .. 11 Er .. 2.8 
Ga .• • • 0.28 Tm 0.46 
Ge • • • • ND Yb .. 4.0 
As . . 7.4 Lu 0,58 
Se .. 0.71 Hf .. 200 
Br . . 2.3 Ta .. 0.15 
Rb .. 0.1 W 2.3 
Sr 0.3 Re .. ND 
Y 22 Os .. ND 
Zr .. 4.4pg ml-1 I r .. 0.33 
Nb .. 0.46 ?X .. 1.2 
Mo 1.0 Au 0.22 
Ru ND Hg .. 0.18 
Rh ( i n t e r n a l T l .. 0.05 
standard) 100 Pb .. 1.2 
Pd .. 47 Bi .. ND 
Ag 1.3 Th .. 11 
Cd 5.2 U 1.6 
I n 0.03 
*ND = not detected 
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isotope t h a t i s f r e e (8.84%). The r e s u l t s i n t h i s study show most 
values f o r the selenium content of samples to be w i t h i n a f a c t o r of 2 
to 3 of the known value. 
The c o n t r i b u t i o n from polyatomic c h l o r i d e ions to the response a t 
c e r t a i n mass u n i t s can be accounted f o r by use of a c o r r e c t i o n f a c t o r 
(167) and i s a p p l i c a b l e t o both s l u r r i e s and s o l u t i o n s . For samples i n 
s o l u t i o n c h l o r i d e i t s e l f may be removed from the system by means of a 
chromatographic separation p r i o r t o sample i n j e c t i o n (169). 
I t i s i n t e r e s t i n g ^ t o compare the few s e m i - q u a n t i t a t i v e r e s u l t s 
presented i n the s l u r r y f e a s i b i l i t y paper using ICP-MS by Williams et 
a l . w i t h those i n t h i s study. Values f o r the r a r e earths (La t o Lu), 
determined by s l u r r y atomisation are given i n the paper f o r the CANMET 
s o i l s SO-1 and SO-2 together w i t h the values o f the lanthanides i n SO-2 
determined by Crock and L i c h t e (170) using a f u l l y q u a n t i t a t i v e 
d i s s o l u t i o n technique. I f the values f o r the Lanthanides i n SO-2,. 
determined by s l u r r y atomisation i n the Williams et a l . paper are taken 
as a r a t i o t o those i n SO-2 determined by the d i s s o l u t i o n technique of 
Crock and L i c h t e a trend i n seen (Table 7.7) i . e . from lanthanum t o 
holmium the r a t i o increases to 2.2 and from erbium t o l u t e t i u m the 
r a t i o r i s e s r a p i d l y from 2.9 to 7,9. I f the values f o r the lanthanides 
determined by s l u r r y atomisation i n t h i s study are taken as a r a t i o t o 
those of Crock and L i c h t e the same trend i s seen (Table 7.7). These 
r e s u l t s i n d i c a t e t h a t from terbium t o l u t e t i u m the d e v i a t i o n of the 
s l u r r y value from t h a t of the s o l u t i o n value i n the s e r i e s i s due 
e i t h e r t o contamination ( b o t t l e and bead method used i n a l l s l u r r y work 
i n c l u d i n g t h a t by Williams et a l . ) or t o a polyatomic species a r i s i n g 
from a concomitant element i n the sample SO-2. 
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TABLE 7.7 
A comparison of- the lanthanide group elemental concentrations (tig g"-*-) 
in the s o i l s SO-1 and SO-2 determined by se m i - q u a n t i t a t i v e s l u r r y 
atomisation ICP-MS and by a q u a n t i t a t i v e d i s s o l u t i o n technique. 
D i s s o l u t i o n S l u r r y S l u r r y S l u r r y S l u r r y 
Element technique technique technique technique technique 
SO-2 (1) SO-2 (2) SO-2 (3) SO-1 (2) SO-1 ( 
La 46 + 1 39 63 34 82 
Ce 111 + 3 124 174 83 168 
Pr 13.4 + 0.4 15 18 9.5 17 
Nd 57 -f 1 66 71 41 67 
Sm 12.2 + 0.1 13 15.7 6.8 11 
Eu 3.4 +_ 0.02 3.7 5.1 1.5 2.8 
Gd 10.3 + 0.2 11 16.7 5.9 12.4 
Tb 1.3 +_ 0.2 2.4 1.9 0.88 1.0 
Dy 8.6 + 0.1 17 16.5 4.6 7.1 
Ho 1.7 + 0.05 3.8 3.8 1.5 1.8 
Er 4.1 J- 0.1 12 14.8 5.6 6.2 
Tm 0.54+ 0.02 2.5 2.6 0.56 1.0 
Yb 3.39+ 0.01 15 23.7 6.5 9.2 
Lu 0.47+ 0.4 3.7 3.4 1.2 1.3 
1 Results taken from reference (170), Crock and L i c h t e . 
2 Results taken from reference ( 4 0 ) , W i l l i a m s , Norman, Gray and Ebdon 
3 This study ( 4 1 ) . 
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A comparison of the lanthanide r e s u l t s f o r the s o i l SO-1 determined by 
s l u r r y atomisation from Wiliams et a l . paper w i t h those of SO-1 from 
t h i s study show t h a t although the Williams r e s u l t s are numerically 
lower f o r a number of elements the same trend i s seen, when ascending 
the s e r i e s , from both sets of r e s u l t s (Table 7.7). 
I t i s of note t h a t both 0.1 and 1 % m/y s l u r r i e s were used over a four 
hour period w i t h l i t t l e or no e f f e c t on the sampling i n t e r f a c e of the 
mass spectrometer. 
7.4 CONCLUSION 
S l u r r y atomisation ICP-MS o f f e r s the p o t e n t i a l of a r a p i d screening 
technique, as w e l l as t h a t f o r a f u l l q u a n t i t a t i v e a n a l y s i s , f o r the 
major, minor and trace elemental components i n coals and s o i l s w i t h 
minimal sample pretreatment. I n f o r m a t i o n obtained i n the semi-
q u a n t i t a t i v e mode can be used t o assess r a p i d l y the concentration range 
of an element i n a sample, p r i o r t o any f u l l q u a n t i t a t i v e a n a l y s i s 
which may not be re q u i r e d i f t h r e s h o l d or s e m i - q u a n t i t a t i v e data ( i . e . 
values w i t h i n a f a c t o r of two or t h r e e ) are s u f f i c i e n t thereby reducing 
a n a l y s i s time. 
The f a c t t h a t s l u r r i e s of up t o 1 % m/v f a i l e d t o show any e f f e c t s o f 
cone blockage during the analyses, under the operating c o n d i t i o n s used, 
suggests t h a t the tolerance of the ICP-MS in s t r u m e n t a t i o n t o high 
s o l i d s i s greater than p r e v i o u s l y thought. This may allow, i f only f o r 
short periods, the use of f l o w i n j e c t i o n techniques and the a n a l y s i s o f 
s l u r r i e s of higher concentration f o r u l t r a t race elemental c o n s t i t u e n t s . 
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CHAPTER 8 
CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 
8.1. CONCLUSION. 
The work described i n t h i s t h e s i s has i l l u s t r a t e d the use of s l u r r y 
atomisation (SA) f o r the determination of major, minor and tr a c e 
elements i n numerous mineral and r e f r a c t o r y samples using plasma 
spectrochemical techniques. Fundamental questions concerning the 
preparation and s t a b i l i t y of s l u r r i e s , t r a n s p o r t a t i o n phenomena w i t h i n 
the sample i n t r o d u c t i o n system (SIS) and atomisation e f f e c t s w i t h i n a 
plasma, i n comparison w i t h aqueous c a l i b r a n t s , have been addressed. 
The i n f o r m a t i o n gained i n these s t u d i e s has been s u c c e s s f u l l y a p p l i e d 
to the a n a l y s i s of s l u r r i e d samples using the techniques of i n d u c t i v e l y 
coupled plasma atomic emission spectrometry (ICP-AES), d i r e c t c u r r e n t 
plasma atomic emission spectrometry (DCP-AES) and i n d u c t i v e l y coupled 
plasma-mass spectrometry (ICP-MS). 
The p r e p a r a t i o n o f the s l u r r y has been shown t o be a c r i t i c a l step i n 
the SA technique. Factors such as the chemical form and hardness of 
the sample, the g r i n d i n g media t o use and the l y o p h i l i c nature of the 
m a t e r i a l need t o be considered f o r the successful a p p l i c a t i o n of a 
s l u r r y procedure. The hardness of a sample l i m i t s the e f f i c i e n c y of a 
g r i n d i n g technique, f o r a given time p e r i o d , and the s e l e c t i o n of the 
gr i n d i n g medium, i n the comminution step. The b o t t l e and bead and 
micron i s e r g r i n d i n g methods possess the a b i l i t y t o reduce r a p i d l y the 
p a r t i c l e s i z e of a s o l i d sample t o less than 6 fjm, w i t h l i t t l e 
contamination, provided t h a t the measure of hardness (MOH) i s less 
than t h a t of the g r i n d i n g medium. I n the g r i n d i n g t r i a l s d i s s o c i a t e d 
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z i r c o n / z i r c o n i a g r i n d i n g beads (MOH 7 - 7.5) were employed i n the 
b o t t l e and bead method and agate g r i n d i n g media (MOH 7) were used i n 
the microniser .method. Soft minerals such as galena (MOH 2,5 - 2.8) 
and g r a p h i t e (MOH 1 - 2 ) and semi-hard minerals such as c h a l c o p y r i t e 
and s p h a l e r i t e (MOH 3.5 - 4.0) ground e f f i c i e n t l y w h i l e a hard mineral 
such as p y r i t e (MOH 6 - 6.5) ground less e f f i c i e n t l y . For s o f t and 
semi-hard minerals the microniser g r i n d i n g technique has been found t o 
be more e f f i c i e n t than the b o t t l e and bead method, reducing a sulphide 
ore t o the 6 fam p a r t i c l e s i z e range i n 20 t o 25 minutes. For harder 
m a t e r i a l s the b o t t l e and bead method was p r e f e r r e d due t o the high 
c o l l i s i o n frequency o f the technique. Reduction t o the size r e q u i r e d 
may, however, take several hours. 
Both the microniser and b o t t l e and bead methods are wet g r i n d i n g 
techniques which produce a s l u r r y d i r e c t l y from the sample. The 
l y o p h i l i c nature of the sample i s known t o a f f e c t the d i s p e r s i o n o f the 
s o l i d p a r t i c l e s i n the l i q u i d medium. Many ores and minerals are 
h y d r o p h i l i c and i n c l u s i o n of a w e t t i n g agent i n the g r i n d i n g step d i d 
not s i g n i f i c a n t l y improve the g r i n d i n g e f f i c i e n c y . A dlspersant does, 
however, improve the s t a b i l i t y of the s l u r r y by reducing f l o c c u l a t i o n 
and cementation e f f e c t s (thereby maintaining p a r t i c u l a t e segregation) 
and allows r e d i s p e r s i o n o f the p a r t i c l e s a f t e r settlement. Ostwald 
r i p e n i n g e f f e c t s are also reduced. 
Aerosol t r a n s p o r t a t i o n s t u d i e s , using l a s e r measuring techniques, have 
shown t h a t the mechanisms of d r o p l e t formation, t r a n s p o r t a t i o n and 
l o s s , w i t h i n a nebuliser-spray chamber-injector assembly, are s i m i l a r 
f o r both s o l u t i o n s ( 0 . 1 % m/v sodium hexametaphosphate) and s l u r r i e s 
( 1 % m/v s o l i d s ) and the e f f e c t s upon the two types of aerosol, 
throughout the sample i n t r o d u c t i o n system, are of comparable magnitude. 
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Aerosols measured from a s i n g l e pass spray chamber (SPSC) alone show 
t h a t p a r t i c l e coagulation i s a major m o d i f i c a t i o n process. The l a r g e 
p a r t i c l e s produced are subsequently removed when an i n j e c t o r i s f i t t e d . 
An aerosol p o p u l a t i o n d i s t r i b u t i o n above an i n j e c t o r covers a s i z e 
range of 18 ^ m down t o below 1 pm and shows a frequency maximum i n the 
region of 6 to 9 fjm s i z e . I n terms o f volume t h i s region becomes 7 to 
11 fjm s i z e . The bore of the i n j e c t o r a f f e c t s the aerosol d i s t r i b u t i o n ; 
the 3 mm i n j e c t o r a l l o w i n g a greater f r a c t i o n of the l a r g e r d r o p l e t s t o 
pass t o the plasma (8 to 9 pm mean diameter) than the 2 mm i n j e c t o r (6 
t o 8 |jm mean diameter). As a consequence the aerosol volume f l u x from 
the 3 mm i n j e c t o r i s approximately twice t h a t from the 2 mm i n j e c t o r a t 
a gas flow r a t e of 0.75 1 min"^. The aerosol mean p a r t i c l e s i z e 
e x i t i n g both i n j e c t o r s decreases when the gas f l o w r a t e i s increased 
suggesting b a l l i s t i c / t u r b u l e n t l o ss mechanisms are o p e r a t i v e . The 
double pass spray chamber (DPSC) study showed t h a t the volume f l u x of 
an aerosol t h a t e x i t s from the inner pass i s , g r e a t l y reduced from t h a t 
of the primary aerosol from the n e b u l i s e r . This i n d i c a t e s t h a t the 
inner pass i s a major area of loss i n d r o p l e t mass terms. As seen 
pr e v i o u s l y w i t h the SPSC, the presence o f an i n j e c t o r modifies the 
aerosol d i s t r i b u t i o n e x i t i n g the DPSC. I t has also been shown t h a t 
aerosols e x i t i n g from a 2 and 3 mm i n j e c t o r , on a population-diameter 
basis mainly cover the s i z e range 14 down t o below 1 pm. The 
frequency maximum being i n the region 5 t o 7 |jm, which transforms t o 6 
to 10 fjm s i z e i n terms of volume. M e c h a n i s t i c a l l y the 2 and 3 mm 
I n j e c t o r s a c t d i f f e r e n t l y . Aerosols t h a t e x i t the 3 mm i n j e c t o r show 
an increase i n population mean and mode p a r t i c l e sizes w i t h a decrease 
i n gas fl o w r a t e , while those from the 2 mm i n j e c t o r show the reverse 
t r e n d . The l a t t e r case may be explained i n terms o f an increase i n 
residence time f o r aerosol p a r t i c l e s along the outer pass and below the 
DPSC e x i t a l l o w i n g s e t t l i n g - t y p e forces t o become operative. Theory 
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p r e d i c t s t h a t laminar flow i s present i n t h i s region and the s e t t l i n g 
diameters c a l c u l a t e d i n t h i s t h e s i s are c o n s i s t e n t w i t h the s i z e of 
aerosol p a r t i c l e s seen to be removed. 
When a broad p a r t i c l e s i z e sample (0.6 t o 40 pm) was dispersed and the 
aerosol transported s o l i d s c o l l e c t e d ( b o t t l e c o l l e c t i o n technique) 
a f t e r passing through a DPSC system using various gas flow r a t e s and 
i n j e c t o r bores marked d i f f e r e n c e s were noted between the s t a r t i n g and 
f i n a l d i s t r i b u t i o n s - I n most cases the e f f e c t i v e p a r t i c l e s i z e range 
of the p o s t - i n j e c t o r m a t e r i a l was from 7 pm down t o below 0.63 pm and 
showed a gain i n the f r a c t i o n o f smaller sized p a r t i c l e s , <0.63 t o 
5 pm, compared w i t h those from the s l u r r y before n e b u l i s a t i o n . The 
p o s i t i o n of the d i s t r i b u t i o n maxima (mode) was not s i g n i f i c a n t l y 
changed by the gas flow r a t e or i n j e c t o r bore ( w i t h the exception of 
very small bore i n j e c t o r s i . e . 1.1 mm) and i n most cases the mode of 
the d i s t r i b u t i o n from the post^-nebulised m a t e r i a l was the same as t h a t 
of the s t a r t i n g s l u r r y . For a constant bore s i z e an increase i n gas 
flow r a t e increased the c o n t r i b u t i o n from the l a r g e r s i z e f r a c t i o n . 
For a constant gas flow r a t e the change i n c o n t r i b u t i o n from l a r g e r 
sized p a r t i c l e s w i t h increase i n i n j e c t o r bore was more complex and may 
be dependent upon the degree of turbulence o f the gas flow w i t h i n the 
spray chamber-injector assembly. The volume mean and mode s o l i d s 
diameters g e n e r a l l y f e l l w i t h i n the region 1,3 t o 4 pm under the 
c o n d i t i o n s used. 
T o t a l i s o k i n e t i c sampling of ground s l u r r i e s (2.5 t o 5% m/v loading) 
using a cascade impactor provided both mass t r a n s f e r i n f o r m a t i o n and 
s o l i d s d i s t r i b u t i o n from aerosols e x i t i n g an i n j e c t o r - s p r a y chamber 
assembly. When a s l u r r y w i t h a d i s t r i b u t i o n covering the s i z e range 
0.7 t o 12 fjm and a mode of 3 to 4 pm was c o l l e c t e d a f t e r passing 
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through a DPSC and 3 mm i n j e c t o r the r e s u l t i n g s i z e d i s t r i b u t i o n range 
contracted t o 0.7 t o 5 pm w i t h a mode of 1 to 2 ^ m. This i s c o n s i s t e n t 
w i t h the r e s u l t s from the b o t t l e c o l l e c t i o n technique. When a f i n e r 
p a r t i c l e s i z e s l u r r y was conveyed t o the impactor, 0.7 t o 6 jjm s i z e 
w i t h mode 1 t o 2 ^ m, r e p r e s e n t a t i v e t r a n s p o r t a t i o n occurred; the range 
and mode being very close i n both d i s t r i b u t i o n s . The mass t r a n s f e r 
e f f i c i e n c y o f a s l u r r y aerosol was found t o increase w i t h gas flow r a t e 
i n the same manner as a s o l u t i o n aerosol and was of comparable 
magnitude when the p a r t i c l e s i z e was very f i n e . Hence, s l u r r y aerosols 
w i l l model s o l u t i o n aerosols, i n terms o f mass t r a n s f e r e f f i c i e n c y , and 
w i l l also r e p r e s e n t a t i v e l y sample and t r a n s p o r t t o a plasma s o l i d s from 
the suspension, when the s o l i d p a r t i c l e s i z e i s below 5 ^ m and the mode 
of the d i s t r i b u t i o n i s below 3 \im s i z e . 
Hard, dense, r e f r a c t o r y samples may show reduced elemental recoveries 
i f mass t r a n s p o r t a t i o n and atomisation e f f i c i e n c i e s are less than those 
of the s o l u t i o n s used f o r c a l i b r a t i o n . The p a r t i c l e s i z e o f the 
m a t e r i a l i s the most c r i t i c a l parameter as t h i s w i l l i n f l u e n c e both 
sample t r a n s p o r t and atomisation. When the s o l i d s d i s t r i b u t i o n o f a 
s l u r r y i s e s s e n t i a l l y below 5 ;jm s i z e plasma running c o n d i t i o n s may be 
found under which near t o f u l l recoveries can be obtained. When atom-
i s a t i o n e f f e c t s are suspected as the cause of reduced recoveries from a 
s l u r r y sample, use of low c a r r i e r f l ow r a t e s and an atom l i n e which 
shows acceptable emission s e n s i t i v i t y high up i n the plasma (30 mm) i s 
sometimes b e n e f i c i a l . I t i s conjectured t h a t the increase i n residence 
time w i t h i n the plasma allows d i f f e r e n c e s i n the atomisation p r o f i l e s , 
between s l u r r y p a r t i c l e s and s o l u t i o n s a l t s , t o be reduced thereby 
i n c r e a s i n g the r e l a t i v e a t o misation e f f i c i e n c y and recovery f o r the 
s l u r r y . Very high c a r r i e r gas flow r a t e s may al s o improve recoveries 
but t h i s o f t e n r e s u l t s i n decreased s e n s i t i v i t y due t o the reduced 
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residence time of p a r t i c l e s I n the plasma and the accompanying 
'spreading out* of the emission p r o f i l e ; r e l a t i v e t r a n s p o r t 
e f f i c i e n c i e s may also be a f f e c t e d . Matrix e f f e c t s must be taken i n t o 
account i f high c a r r i e r gas flow r a t e s and low viewing heights are 
employed; t h i s i s a r e s u l t of the i n i t i a l r a d i a t i o n zone invading the 
viewing p o s i t i o n . B u f f e r i n g agents ( e a s i l y i o n i s e d elements) have been 
shown t o reduce these m a t r i x e f f e c t s . 
U l t r a f i n e s l u r r i e s (below 2 \im s i z e ) of r e f r a c t o r y m a t e r i a l s , e.g. 
alumina, show comparable t r a n s p o r t and atomisation e f f i c i e n c i e s t o 
those of s o l u t i o n s and y i e l d f u l l r e c overies. When the p a r t i c l e s i z e 
i s increased the magnitude of the atomisation and t r a n s p o r t a t i o n 
e f f e c t s are d i f f e r e n t and recoveries are dependent upon the c a r r i e r gas 
flow and viewing h e i g h t . Refractory p a r t i c l e s above ^ t o 5 pm s i z e are 
l i m i t e d i n t h e i r t r a n s p o r t e f f i c i e n c y through a DPSC (1^ * % f o r 5 pm and 
3% f o r 10 |jm) and i t i s i n d i c a t e d from experiments t h a t t h e i r r e l a t i v e 
atomisation e f f i c i e n c y , t o t h a t o f simple aqueous s o l u t i o n s , i s a l s o 
reduced (60 - 7096 f o r 5 j^m and 20 - 25% f o r 10 (jm). Use of an 
i n t r i n s i c i n t e r n a l standard (concomitant major element of known 
conce n t r a t i o n i n a sample) may, when the p a r t i c l e s i z e range extends 
beyond 5 fjm, a f f o r d a c o r r e c t i o n f a c t o r f o r the reduced t r a n s p o r t and 
atomisation e f f i c i e n c i e s . 
P o l y d e n s i t i c m a t e r i a l s , such as ores, can show segregation e f f e c t s 
due t o the i n d i v i d u a l mineral d i s t r i b u t i o n s (dependent upon t h e i r 
r e sistance t o g r i n d i n g ) and t h e i r d e n s i t i e s . Thermodynamic e f f e c t s 
may a l s o c o n t r i b u t e t o the reduced recoveries found f o r some elements 
using the s l u r r y atomisation technique under c e r t a i n plasma running 
c o n d i t i o n s . 
Measurement of the r o t a t i o n a l temperature ( t h a t considered t o be 
numerically s i m i l a r t o the gas k i n e t i c temperature) i n the c e n t r a l 
channel of a plasma, using the OH molecule, has shown the value o f T ^ Q ^ . 
t o be dependent upon the plasma running c o n d i t i o n s i . e . c a r r i e r gas 
flow r a t e , viewing height and water lo a d i n g . The temperature range 
covered was 2200 t o 3600 K and i s comparable t o t h a t found by other 
workers. High c a r r i e r gas flow r a t e s , 2 t o 2.3 1 min"^ through a 3 mm 
i n j e c t o r , and viewing heights i n the region of 30 mm, would appear t o 
favour the atomisation process. The high viewing height f o r peak 
temperature, T^ .^ ,^ i s c o n s i s t e n t w i t h the viewing p o s i t i o n used t o 
observe near t o f u l l recoveries from s l u r r y samples suspected of 
reduced atomisation e f f i c i e n c y . 
When pure water was admitted t o the plasma a r o t a t i o n a l temperature of 
3400 t o 3600 K was observed. When a sample, other than water was 
introduced, be i t s u r f a c t a n t s o l u t i o n , simple analyte s o l u t i o n or 
s l u r r y , a s l i g h t r eduction i n T^ .^ .^ was observed (range covered 2850 t o 
3150 K). The v a r i a t i o n i n T^ .^ ^ between samples, under the same 
c o n d i t i o n s , appeared t o be l e s s , and l i t t l e t o no d i f f e r e n c e was seen 
i n the r o t a t i o n a l temperature values measured from s o l u t i o n s and 
s l u r r i e s up t o 1 % m/v s o l i d s l o a d i n g . 
Fine s l u r r i e s ( l e s s than 2.5 pm p a r t i c l e s i z e ) of pure s i n g l e compounds 
t h a t have m e l t i n g p o i n t s comparable t o the r o t a t i o n a l temperatures 
measured, and b o i l i n g p o i n t s i n excess of T^^^ gave near t o f u l l 
r ecoveries f o r major elements. This shows t h a t the atomisation 
e f f i c i e n c i e s f o r both the high m e l t i n g p o i n t r e f r a c t o r y s l u r r y 
p a r t i c l e s analysed and the c a l i b r a t i o n s o l u t i o n s a l t s (which may 
decompose t o give s i m i l a r oxide species t o the s l u r r y s o l i d s used i n 
the experiments) are comparable, as are t h e i r t r a n s p o r t e f f i c i e n c i e s . 
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R o t a t i o n a l temperatures measured from the 'OH' emission w i t h i n the 
analyte channel o f a laminar flow plasma ( G r e e n f i e l d sized t o r c h ) 
ranged from 2600 to 3200 K and showed a s i m i l a r dependence upon c a r r i e r 
gas flow and viewing height as seen w i t h the conventional t a n g e n t i a l 
flow plasma. These s l i g h t l y lower values o f T^^^ suggest t h a t no 
advantage would be gained i n the use of the laminar flow t o r c h (LFT) 
f o r m a t e r i a l s which manifest reduced atomisation e f f i c i e n c i e s . The a l l 
brass body (double laminar f l o w ) in-house designed and constructed LFT 
does, however, show the advantages of reduced gas consumption and 
improved s i g n a l t o noise r a t i o s w h i l e r e t a i n i n g comparable plasma 
s t a b i l i t y t o t h a t from the t a n g e n t i a l f l o w t o r c h . While a laminar f l o w 
plasma shows less p e r t u r b a t i o n when punched w i t h the gas flow from a 
3 mm i n j e c t o r , attempts t o produce a c e n t r a l channel w i t h a l a r g e bore, 
5 mm, i n j e c t o r were unsuccessful. 
Simplex o p t i m i s a t i o n experiments using the PTFE/glass f i b r e base LFT 
(in-house design) i n d i c a t e d t h a t high forward power (2 kW), medium t o 
high c a r r i e r gas flow r a t e s (1.5 t o 2.2 1 min'-^), through a 3 mm 
i n j e c t o r , and ra i s e d viewing heights (15 t o 32 mm) are required t o 
observe increased s i g n a l t o background r a t i o s from emission s i g n a l s . 
S l u r r y atomisation ICP-MS has been shown t o o f f e r the p o t e n t i a l of a 
r a p i d screening technique, f o r the a n a l y s i s o f major, minor and t r a c e 
elemental components i n coals and s o i l s w i t h minimal sample pre-
treatment. The i n f o r m a t i o n obtained i n the s e m i - q u a n t i t a t i v e (S-Q) 
mode can be used t o assess, r a p i d l y , the c o n c e n t r a t i o n range o f an 
element i n a sample p r i o r t o a f u l l q u a n t i t a t i v e a n a l y s i s which can 
i t s e l f be performed by the s l u r r y atomisation technique. Concentration 
values w i t h i n a f a c t o r o f two or three o f the known values were 
gene r a l l y obtained using the r a p i d S-Q mode and i f threshold values are 
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a l l t h a t i s required f u r t h e r a n a l y s i s may not be necessary. The use of 
rhodium as an i n t e r n a l standard has proved t o be a s u i t a b l e choice f o r 
the a n a l y s i s o f - c o a l s and s o i l s by s l u r r y atomisation ICP-MS and i t i s 
of note t h a t i t s n a t u r a l abundance i s normally r e s t r i c t e d t o the low 
and sub ng g"^ range. 
I t i s suggested, from a s e m i - q u a n t i t a t i v e measure of the contamination 
from the z i r c o n i a g r i n d i n g medium used i n the b o t t l e and bead technique 
t h a t , w i t h the exception of zirconium, s i l i c o n and hafnium, there i s 
u n l i k e l y t o be s i g n i f i c a n t contamination f o r major, minor and very 
minor elements. Trace l e v e l s of aluminium, i r o n and t i t a n i u m 
contamination may occur. 
8.2. FUTURE WORK 
Further improvements upon the g r i n d i n g e f f i c i e n c y of the techniques 
used would be an advantage. The r e d u c t i o n o f the maximum p a r t i c l e s i z e 
of a hard, r e f r a c t o r y m a t e r i a l t o below 5 ^jm, w i t h g r i n d i n g times of 
less than 20 minutes, and w i t h l i t t l e or no contamination has yet t o be 
r e a l i s e d . Some b e n e f i t may be gained from using the microniser and 
b o t t l e and bead methods w i t h tungsten carbide g r i n d i n g media of the 
same p h y s i c a l form and s i z e as those already employed i . e . c y l i n d e r s 
and beads. Tungsten carbide (WC) i s harder (MOH 9+) and denser 
(15.6 g cm"-^ ) than z i r c o n i a and agate. A redu c t i o n i n the g r i n d i n g 
time f o r a hard sample would t h e r e f o r e be expected using WC media due 
to the increased momentum from each c y l i n d e r and bead, while main-
t a i n i n g a comparable c o l l i s i o n frequency t o t h a t seen w i t h the present 
g r i n d i n g media. 
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The measurement of aerosol population and volume d i s t r i b u t i o n s by l a s e r 
techniques may help i n the design and production of e f f i c i e n t sample 
i n t r o d u c t i o n systems f o r p a r t i c u l a r a p p l i c a t i o n s i n ICP-AES and ICP-HS. 
The i n f o r m a t i o n gained may be used i n the c o n s t r u c t i o n of small volume 
spray chamber/nebuliser systems f o r flow i n j e c t i o n techniques (171, 
172), i n c l u d i n g the an a l y s i s of s l u r r i e s (173), and f o r coupled HPLC 
systems. Flow i n j e c t i o n techniques should be o f b e n e f i t w i t h ICP-MS as 
they may allow the i n t r o d u c t i o n of high s o l i d s loading s l u r r i e s w i t h o u t 
the problems of cone blockage. 
While i t has been shown t h a t u l t r a f i n e s l u r r i e s ( l e s s than 2 ^ jm s i z e ) , 
of up to 1 % m/v s o l i d s l o a d i n g , e x h i b i t comparable mass t r a n s f e r 
e f f i c i e n c i e s (MTE) t o those of s o l u t i o n s , the e f f e c t of increas i n g the 
s l u r r y c o n c e n t r a t i o n upon the MTE i s poorly understood. This a p p l i e s 
t o some f i n e ( l e s s than 6 s i z e ) s l u r r i e s where t r a n s p o r t a t i o n 
d i f f e r e n c e s may be seen even a t r e l a t i v e l y low ( 3 % m/v and above) 
concentrations depending upon the a b i l i t y of the s l u r r y aerosol t o 
r e p r e s e n t a t i v e l y sample from the bulk. Further cascade impactor 
experiments may help t o c l a r i f y the boundary c o n d i t i o n s ( s l u r r y 
l o a ding, gas flow r a t e s , p a r t i c l e s i z e , d e n s i t y ) t o which the s l u r r y 
technique using s o l u t i o n c a l i b r a n t s may be used. Near t o f u l l 
r ecoveries are f r e q u e n t l y obtained f o r many elements using the 
technique o f s l u r r y atomisation - DCP-AES. This may be a t t r i b u t e d t o 
the sample i n t r o d u c t i o n system (5PSC) and high d i s s o l v e d s o l i d s content 
of the samples (due t o b u f f e r s o l u t i o n ) . The e f f e c t of a high d i s -
solved s a l t content (e.g. 3% m/v), i n the c a l i b r a t i o n s o l u t i o n s and 
s l u r r y t o be analysed {'^1% m/v), upon the recovery of an anal y t e 
determined by 5A-ICP-AES re q u i r e s i n v e s t i g a t i o n . By near matching of 
the v i s c o s i t y , surface t e n s i o n , d e n s i t y and mass f l u x the t r a n s p o r t 
p r o p e r t i e s of s l u r r i e s are less l i k e l y t o be in f l u e n c e d by the presence 
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of p a r t i c u l a t e matter a t low con c e n t r a t i o n and would compare w i t h the 
s o l u t i o n c a l i b r a n t s . By also near matching o f the heat c a p a c i t i e s of 
the s o l u t i o n and s l u r r y aerosols d i f f e r e n c e s i n atomisation e f f i c i e n c y 
may be reduced. The p o s s i b i l i t y of using r e l e a s i n g agents i . e . 
dissolved m a t e r i a l s which improve the v o l a t i l i t y o f species i n a 
thermal environment by chemical m o d i f i c a t i o n , should also be i n v e s t -
i g a t e d w i t h regard t o the a n a l y s i s of r e f r a c t o r y m a t e r i a l s by the 
s l u r r y atomisation technique. 
Due t o the accompanying t r a n s p o r t phenomena, the est i m a t i o n o f the 
r e l a t i v e ( t o s o l u t i o n ) e f f i c i e n c y o f atomisation f o r a s l u r r y p a r t i c l e , 
d i r e c t l y from emission data i s a d i f f i c u l t task. An a l t e r n a t i v e t o 
using ion-exchange/adsorption techniques may be found from using 
molecular emission spectra. I n t e r n a l s t a n d a r d i s a t i o n , using a 
disso l v e d s a l t , w i t h a low concentration (not greater than 1 % m/v) 
s l u r r y o f f i n e (below 6 pm) p a r t i c l e s i z e should allow any major 
t r a n s p o r t a t i o n d i f f e r e n c e s between the s l u r r y and c a l i b r a t i o n s o l u t i o n 
to be q u a n t i f i e d . The measurement of the concentration of a diatomic 
molecular species (from the emission band head) produced by one element 
i n the s l u r r y s o l i d and another from s o l u t i o n compared w i t h the same 
molecular species formed from s o l u t i o n only may i n d i c a t e the r e l a t i v e 
degree of atomisation o f the s l u r r y s o l i d s , e.g. AI2O3 ( s o l i d ) + SO^ ^^ " 
( s o l u t i o n ) t o give AIS (^27.5^* nm band head ( 0 - 0 ) ) . Such an examin-
a t i o n may al s o help t o i d e n t i f y the p a r t i c l e s i z e region where, f o r a 
p a r t i c u l a r type o f m a t e r i a l , the atomisation e f f i c i e n c y and/or 
t r a n s p o r t e f f i c i e n c y i s the dominant cause of reduced recoveries using 
the s l u r r y technique. This may al s o be applied t o s l u r r y m a t e r i a l s 
whose b o i l i n g p o i n t s are i n excess of the value o f T^ .^ .^, determined. i n 
t h i s t h e s i s , but whose p a r t i c l e s i z e range exceeds 2.5 pm. 
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Removal of reduced atomisation e f f e c t s , seen w i t h some m a t e r i a l s , may 
be brought about i f the k i n e t i c temperature of the plasma i s r a i s e d . 
While there is.evidence from the l i t e r a t u r e t o suggest t h a t mixed 
coolant gas plasmas do not s i g n i f i c a n t l y improve the a n a l y t i c a l 
c a p a b i l i t y of ICP-AES (17^^), the same cannot be said when the gas 
mixture i s added t o the c a r r i e r f l o w . An ev a l u a t i o n i s t h e r e f o r e 
needed of the e f f e c t s of adding gases such as hydrogen, oxygen, 
n i t r o g e n and c e r t a i n fluorocarbons, upon the r e l a t i v e atomisation and 
e x c i t a t i o n mechanisms of s l u r r y and s o l u t i o n aerosols w i t h i n the 
analyte channel o f the ICP. Of p a r t i c u l a r i n t e r e s t w i l l be the r e s u l t s 
from hydrogen a d d i t i o n as t h i s gas should increase the thermal conduct-
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APPENDIX ( i ) 
COMPUTER PROGRAM TO CALCULATE % VOLUME-SIZE DISTRIBUTION 
•FROM POPULATION-SIZE DISTRIBUTION. 
1 R[£n mi 
2 INPUT " sa m p l e number", G 
3 pr<tNr f:2, T A B (12) " G A M P L I : M U M D E I R " , s 
4 PRINT £2, TAB (12) " " 
5 PRINT £2 
6 PRINT £2 
7 PRINT £2, TAB (1) "7.. VOLUME", TAB (16) " DIA. mi c r ons " 
B PRINT £2 
9 PRINT £2 
10 PRINT "HOW MANY RESULTS" 
20 INPUT X 
40 DIN A ( X ) 
50 DIN B(X) 
60 DIN C(X) 
70 DIN D(X) 
80 REN UN S I Z E DATA MEANS 
90 A d ) : = 1 . 44 
100 FOR Y := 2 TO X - 1 
110 A(Y) := A(Y 1 ) + 0.74 
120 NEXT Y 
130 REN EKTER VELOCITY NO- IN BIN 
MO FOR Y := 1 TO X 
150 PRINT "VALUE OF VEL TOTAL FOR NO.", Y 
160 INPUT B(Y) 
161 NEXT Y 
162 PRINT "DO YOU WISH TO CHANGE ANY VALUES" 
163 PRINT " ( Y / N ) " 
180 REN NEAN OF VELOCITY TOTALS 
190 FOR Y := 2 TO X 
200 C<Y - 1) := (B(Y - 1) + B ( Y ) ) / 2 
210 NEXT Y 
220 REN VOLUMES OF SPHERES OF DIAMETER A(Y) 
240 FOR Y := 1 TO X - 1 
250 B ( Y ) := ( 3.141593 * ( A ( Y ) ) 3) / 6 
270 NEXT Y 
280 REM SUM OF VOL OF SPHERES OF DIA. A(Y) IN BAND A(Y) 
290 FOR Y := I TO (X - 1) 
300 D(Y) := B(Y) * C ( Y ) 
310 NEXT Y 
320 REM TOTAL NO. OF SPHERES BY SUMMATION 
325 B ( 1 ) := D(1) 
330 FOR Y := 2 TO X 1 
340 B ( Y ) := B(Y - 1 ) *- D(Y) 
350 NEXT Y 
360 S := B(X - 1) : PRINT "SUM =", S 
370 FOR Y := 1 TO (X - 1) 
380 C ( Y ) := D(Y) * 100 / S 
390 NEXT Y 
400 FOR Y := 1 TO (X - 1) 
410 PRINT £2, C ( Y ) , TAB (16) A(Y) 
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COMPUTER PROGRAM TO CALCULATE % VOLUME-SIZE DISTRIBUTION 
FROM POPULATION-SIZE DISTRIBUTION. 
415 PRINT C ( Y ) , A (Y) 
420 NEXT Y " 
430 N :^ X - 1 
440 REM f i nd c < y ) ma>: i mum 
451 FOR Y := 1 TO M 
452 D(Y) C<Y) 
453 NEXT Y 
460 rOR Y := 1 TO M - I 
470 I F 0 ( Y ) > D(Y -»- 1) THEN ID (Y + 1) := D(Y) 
480 NEXT Y 
490 Z := (2 INTCl + D<H) ) ) 
500 SET MODE 80, 41, Z 
510 SET ORIGIN 4, 1.5 
515 L :^ - 1.5 
517 I F N > 35 THEN L := - 1 
520 L I N E 0, 0; 41, 0 
530 L I N E O, 0; 0, Z 
531 PLOT "DIA. m i c r a n E s " , 15, L 
532 PLOT "VOL", - 3, Z / 2.3 
533 PLOT "•/-",- 2, (Z / 2.3) - 0.5 
540 FOR X := O TO 37 STEP 2 
545 SET POINTS STYLE 2 
550 Y := 0 
560 POINTS X, Y 
570 NEXT X 
571 FOR Y := O TO Z - 2 STEP 0.5 
572 SET POINTS STYLE 2 
573 X 0 
574 POINVS X, y 
575 NEXT Y 
580 FOR Y := 1 TO N 
590 SET POINTS S T Y L E 2 
600 POINTS A ( Y ) , C ( Y ) 
610 NEXT Y 
620 DIM A: t ( l 0 ) 
630 FDR 17. := 0 TO 9 
640 READ A-^(IX) 
650 NEXT 17. 
660 OATA "0","4","8","12","16","XO","24","2U","32","36" 
670 FOR A := 0 TO 9 
6B0 Y := - 1 
601 I F M > 22 THEN Y : ^ -- 0.75 
682 I F H > 35 THEN V : - O.Vi 
690 PLOT A:r (A) , I 4 A) - 0 - 25 , Y 
700 NEXT A 
710 DIN D:f (16) 
720 FOR 17„ : 0 TO (Z - 2) 
730 REAL) n^-dX) 
740 NEXT 17. 
745 DATA "0","1","2","3","4","5","6","7","0","9","10" 
746 DATA " 1 1 " , " 1 2 " , " 1 3 " , " I 4","15" ,"16" 
750 FOR B := 0 TO (Z - 2) 
760 PLOT (B) , - 1 , D - 0. 15 
770 NEXT B 
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